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RIGOROUS NUMERICS FOR DISSIPATIVE PDES III.
AN EFFECTIVE ALGORITHM FOR RIGOROUS
INTEGRATION OF DISSIPATIVE PDES

PIOTR ZGLICZYNSKI

ABSTRACT. We describe a Lohner-type algorithm for rigorous integration
of dissipative PDEs. Using it for the Kuramoto—Sivashinsky PDE on the
line with odd and periodic boundary conditions we give a computer assisted
proof the existence of multiple periodic orbits.

1. Introduction

In the study of nonlinear PDEs there is a huge gap between what we can
observe in the numerical simulations and what we can prove rigorously. One pos-
sibility to overcome this problem are the computer assisted proofs. This paper is
an attempt in this direction. We give a computer assisted proofs of the existence
of multiple periodic orbits, both stable and unstable ones, for the Kuramoto—
Sivashinsky PDE on the line with periodic and odd boundary conditions. The
approach is a mixture of rigorous numerics and topological methods and does
not make any use of any special features of Kuramoto—Sivashinsky PDE, or any
global existence results nor spectral gap etc and therefore should be applicable to
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other systems of dissipative PDEs, like for example Navier—Stokes or Ginzburg-
Landau equations.

One of the main goals of this paper is to present the algorithm for a rigorous
numerical integration of a certain class of dissipative PDEs. To be more specific
we consider PDEs of the following type

(1.1) us = Lu+ N(u, Du,...,D"u),

where u € R", x € T4, (T? = (R/27)? is an d-dimensional torus), L is a linear
operator, N — a polynomial and by D*u we denote s-th order derivative of u, i.e.
the collection of all partial derivatives of v of order s. In fact N might contain in
constant term a time independent forcing, smooth enough (time dependence also
does not hurt), but we will not consider it here. We require that L is diagonal

in the Fourier basis {€¥?},czq, namely Le*® = \te?*® and the eigenvalues Ay
satisfy:

(1.2) Ak = —v([k])|E[",

(1.3) 0 <wvo <ov(lk]) <wy, for k] > K_,

(1.4) p >

The fact that we are considering functions on the torus means that we impose
periodic boundary conditions. We may eventually seek odd or even solutions or
impose some other conditions.

Our approach starts with replacing (1.1) by an infinite ladder of ordinary
differential equations for Fourier coefficients of u(t,z) = >°, uy(t)e?**. We obtain

(1.5) dd% = Mg + Ni(u), for all k € Z%.

The next step is to split the phase space for (1.5) into two parts: the finite di-
mensional part, X, containing the Fourier modes most relevant for the dynamics
of (1.1) and the tail T C X*. After this splitting the problem (1.5) is replaced
by two problems (1.6) and (1.7). The first part consists of a finite dimensional
differential inclusion for p € X, given by

d
(1.6) d—’t’ € P(Lp+N(p+T)), peX
where P is a projection onto X. The second part is concerned with the evolution
of T', which is governed by an infinite set of inequalities of the form
du;w
dt

where N,;tj are suitably chosen constants. Obviously, to infer from (1.6) and

(1.7) )\kuk,j‘f'N;;j <

<)\kuk)j+N,Ij, j=1,...,n and for k not in X

(1.7) any information on the behavior of solutions of the full system (1.5) one
needs some consistency conditions. A systematic treatment of this issue is at the
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heart of our method of self-consistent bounds, which was introduced in [31] and
later developed in [25], [27]-]29].

The main example treated in this paper is the Kuramoto—Sivashinsky PDE
[12], [21] (in the sequel we will refer to it as the KS equation)

(18) Ut = —VUggrz — Ugy T (u2>wa v>0
where ¢ € R, u(t,z) € R and we impose odd and periodic boundary conditions
(1.9) u(t,x) = —u(t, —x), u(t,x) = u(t,z + 27).

The choice of the KS equation for this study is motivated by the following
facts:

e The existence theory and asymptotic properties of solutions of (1.8) are
well established, see for example [4]-[6] and the literature cited there.
It should be stressed that we are not using these results in our work,
but they assure us that all interesting dynamics is 'finite dimensional’
and should be accessible using the method of self-consistent bounds
combined with topological tools.

e There exists a lot of numerical studies of the dynamics of the KS equa-
tion (see for example [3], [7]-[9]), where it was shown that the dynamics
of the KS equation is highly nontrivial and it is well represented by
relatively small number of modes.

e We believe that the experience gained and new tools developed in the
study of the KS equation may help in the rigorous study of the dynamics
of the Navier—Stokes equations or the Ginzburg-Landau equation [20].

We implemented the proposed algorithm for the KS equation (1.8) with the
odd and periodic boundary conditions (1.9). Using it we proved the existence
of several periodic orbits, both attracting and unstable ones, for various param-
eter values of v in the interval [0.02991,0.128]. Proofs are topological and are
based on the Brouwer Theorem in case of attracting orbits and on the Miranda
Theorem [15] in case of unstable ones.

The main difference between this paper and [29] is the generality and the
efficiency of the algorithm for a rigorous integration of (1.8). The algorithm de-
scribed in [29] required some preparatory work to construct the a priori bounds,
which have to be verified during the computation, moreover the tail was fixed
in the computation. The present algorithm allows for the tail evolution and
do not require any a priori bounds to start the computation, hence it could be
used also to obtain rigorous bounds for the forward orbit of any initial condi-
tion with a finite description, this was not possible using the previous algorithm.
Other improvements, while rather technical, are also of great importance for the
performance of the algorithm. They include a new function for the generation
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of the rough enclosure for differential inclusions, which allows to use much larger
time steps. All these improvements taken together result in more than 6 fold
speed up of the proof of the existence of periodic orbit for v = 0.127. This orbit
has the reflectional symmetry and this fact was essential in the proof because it
allowed us to consider the half-Poincaré map instead of the full Poincaré map.
Our attempts to compute the full Poincaré map along this periodic orbit using
the previous algorithm failed due to blow-up of rigorous enclosures produced,
which was due to the instability of the numerical estimates in the flow direction.
Using the current algorithm we were able to overcome this problem and also
treat smaller values of v, which are more difficult computationally and are more
interesting from the dynamics standpoint.

The choice of odd boundary conditions was motivated by earlier numerical
studies [3], [9], but the basic mathematical reason is: equation (1.8) with periodic
boundary conditions has the translational symmetry, which implies that for fixed
value of v periodic orbits (fixed points, etc.) are members of one-parameter
families of periodic orbits (fixed points, etc.). The restriction to the subspace
of odd functions breaks this symmetry and gives a hope that the dynamically
interesting objects are topologically isolated, which is later confirmed by proofs.

The content of this paper can be described as follows: in Sections 2 and 3
we outline the method of self-consistent bounds and discuss how it can be used
for the study of dynamics of dissipative PDEs. This material is based on [31],
[27], [28], but some new theorems about the applicability to other dissipative
PDEs are added in Section 3. In Section 4 we present a Lohner-type algorithm
for the integration of ordinary differential inclusions, which in the context of the
rigorous integration of PDEs is used to provide enclosures for (1.6). In Section 5
we present a new effective enclosure theorem for ordinary differential inclusions
and an enclosure algorithm based on it. In Sections 6, 7 and 8 we discuss the
algorithm with an evolving tail for the rigorous integration of dissipative PDEs
with periodic boundary conditions. In Section 9 we treat the issue of Poincaré
maps. In the remaining sections we report on the computer assisted proofs of
the existence of periodic orbits for the KS equation, both apparently stable and
unstable ones. We say “apparently” to indicate that we were unable to establish
rigorously, whether these orbits are stable or unstable, but the nonrigorous sim-
ulation clearly indicates their dynamical character and the set-up of the proof
takes this into account.

1.1. Notation. Let (7T, p) be a metric space. For a set X C T by int X, X
and 0X we denote the interior, the closure and the boundary of X, respectively.
If X CY CT, then by inty X and by dy X we will denote respectively the
interior and the boundary of X with respect to the metric space (Y,p). By
B(e,r) = {z | p(c,z) < r} we will denote the ball of radius r. For a point p € T
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put p(p, X) = inf{p(p,q) | ¢ € X}. We define B(X,e) ={y | p(y, X) < e}. The
Hausdorff distance, dist (G, H), between two closed sets G and H is defined by
the formula

dist (G, H) = max { sup p(q, H), sup p(h, G)}
qeCG heH

For —oo <ty < t1 < 0o by C([to, t1],R®) we will denote the set of all continuous
functions defined on [tg,?1] with the values in R® and by Cy([to,t1], R®) we will
denote the set of all bounded and continuous functions defined on [t, t1] with
the values in R*.

Let cf(R™) denotes the set of all nonempty, convex and compact subsets of R™.
A multivalued map f:R™ — cf(R™) is said to be continuous if it is continuous
with respect to the Hausdorff distance.

For an ordinary differential equation

(1.10) ¥ = f(z), zeR"

where f € C!, by ¢ we will denote the local flow induced by (1.10). We set
o(t,x0) = z(t) where z(t) is the unique solution of (1.10) with the initial condi-
tion z(0) = zo.

Let f:R™ — cf(R™) be continuous. Consider a differential inclusion

(1.11) o' € f(x),

By a solution of (1.11) through zo we will understand a C* function x: (to,t;) —
R™, such that 0 € (tg,t1), £(0) = ¢ and (1.11) holds for t € (to,t1). Moreover,
we will always assume that the solution is defined on the maximal existence
interval.

We define the local flow, ¢, induced by (1.11) as follows: (¢,z9) € R x R™ is
in the domain of ¢ if for all solutions = through zy the value of z(t) is defined
and then

o(t, o) = {x(t) | z: (to, t1) — R™ is a solution through z¢}.

While we will use the same symbol ¢(¢, z) to indicate the local flow induced
both by an ODE or an inclusion it will be always clear from the context what
type of the flow we are considering.

In the sequel we will use an expression of the form ¢([0,h],z¢) C Z. Such
expression means that ¢ ([0, h], z) is defined for ¢ € [0, h] and the stated inclusion
holds, i.e. p(t,x9) C Z for t € [0, h].

2. The method of self-consistent bounds

We begin with an abstract nonlinear evolution equation in a real Hilbert
space H (L? or some its subspaces in our treatment of dissipative PDEs) of the
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form

(2.1) ‘fl_l; — Fu)

where the domain of F' is dense in H. By a solution of (2.1) we understand
a function w: [0, tmax) — dom (F'), such that u is differentiable and (2.1) is sat-
isfied for all ¢t € [0, tmax). (For the discussion of classical solutions of dissipative
PDEs see Section 3.3)

The scalar product in H will be denoted by (u | v). Throughout the paper
we assume that there is a set I C Z? and a sequence of subspaces Hy, C H for
k € I, such that dim Hy = d; < oo and Hj and Hys are mutually orthogonal for
k £ k'. Let Ay: H — Hj, be the orthogonal projection onto Hy. We assume that
for each v € H holds

(2.2) =Y up =Y A
kel kel

The above equality for a given u € H and k € I defines ug. Analogously if B is
a function with the range in H, then By(u) = AxB(u). Equation (2.2) implies
that H = @, Hy-

For k € Z% we define

k| =

d
> k2
=1
For n > 0 we set
Xo= @B Hi, Yu=X,
|k|<n, kel

by P,: H — X,, and Q,: H — Y,, we will denote the orthogonal projections onto
X, and onto Y,,, respectively.

DEFINITION 2.1. We say that F: H D dom (F) — H is admissible if, for any
i € R such that dim X; > 0, the following conditions are satisfied:

(a) X; C dom (F),
(b) P,F:X; — X; is a C! function.

DEFINITION 2.2. Assume F' is admissible. For a given number n > 0 the
ordinary differential equation

(2.3) 2 =P, F(z), x€X,,

will be called the n-th Galerkin projection of (2.1). By ¢"(t,x) we denote the
local flow on X, induced by (2.3).
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DEFINITION 2.3. Assume F' is an admissible function. Let m, M € R with
m < M. Consider an object consisting of a compact set W C X, and a sequence
of compact sets By C Hy, for |k| > m, k € I. We define following conditions:

(C1) For |k| > M, k € I holds 0 € By.

(C2) Let ax := maxaep, |lal| for [k| > m, k € I and then 37, 4o af <
co. In particular, W & H\k\>m B, C H and, for every u € W &
erl, |k|>m By, holds [|Qnul| < Z\k\>n, kelai'

(C3) The function u — F(u) is continuous on W & [ I c;, j5j>m Br € H.
Moreover, if we define for k € I, fr = maxuewerl, ., .. B | Fi (u)],
then Y f2 < oo.

(C4) For |k| > m, k € I, By, is given by

(2.4) By = B(ck,rk), e >0
d

(2.5) or By :H[a;,a;”], ay <alf, s=1,...,d;
s=1

Let u € W &[] >, Br- Then for [k] > m holds:
o if By is given by (2.4) then

(2.6) ug € O, By, = (ug — cx|Fr(u)) < 0.
o if By is given by (2.5) then

(2.7) Uk,s = Ay, = Fr.s(u) >0,

(2.8) Up,s = azs = Fs(u) < 0.

In the sequel we will refer to equations (2.6) and (2.7)—(2.8) as isolation
equations.

DEFINITION 2.4 ([31, Definitions 2.1, 2.11]). Assume F is an admissible
function. Let m, M € R with m < M. Consider an object consisting of a com-
pact set W C X,,, and a sequence of compacts By C Hy, for |[k| > m, k € I. We
say that set W & erl’ k| >m By, forms self-consistent bounds for F if conditions
(C1)—(C3) are satisfied.

If additionally condition (C4) holds, then we say that W @ [[jc; 55m B
forms topologically self-consistent bounds for F.

If F is clear from the context, then we will often drop F', and we will speak
simply about self-consistent bounds or topologically self-consistent bounds.

In our previous works on the KS equation [31], [25], [29], we had I = Z,
Hp =R and By, = [a,;a*’]. The conditions from Definition 2.3 are generaliza-
tions of the conditions given there to a more general setting.
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Reader familiar with our earlier works should be also warned that in the
terminology of [29, Definition 2] conditions (C1)—(C4) defined self-consistent a-
priori bounds. In this paper we returned to the terminology used in [31] and we
dropped the phrase a-priori.

Given self-consistent bounds W and {Bg}ier, |kj>m, by T (the tail) we will
denote

T:= ][] BrC VY.
|k|>m

Here are some useful lemmas illustrating the implications of (C1)—(C3). From
condition (C2) it follows immediately that:

LEMMA 2.5. IfW&T forms self-consistent bounds, then W &T is a compact
subset of H.

The following lemma is an immediate consequence of (C2) and (C3).
LEMMA 2.6. Given self-consistent bounds W @& T, then

lim P,(F(u)) = F(u), uniformly forue W &T.
The lemma below was proved in [29, Lemma 5], where the definition of self-
consistent bounds required conditions (C1)—(C4) and dim Hy = 1, but the con-
dition (C4) and the dimension of Hj, were not used in the proof. Hence we can

write this lemma as follows:

LEMMA 2.7. Let W @ T forms self-consistent bounds for (2.1). Let {d,}nen
C R be a sequence, such that lim, . d,, = c0. Assume that x,: [t1,t2] - WT,
for all n, is a solution of

dp
5 = Fa.(F(®)), p(t) € Xa,.
Then there exists a convergent subsequence {dy, }1en such that, lim;_, o z,, = ™,
where x*: [t1,ts] — W & T and the convergence is uniform on [t1,ta]. Moreover,
x* satisfies (2.1).

Later we will need a slightly stronger version of the above lemma, which we
state without a proof, because the proof of Lemma 2.7 works also for this version.

LEMMA 2.8. Let W;®T;, i =1,... ,k forms self-consistent bounds for (2.1).
Let {dp}nen C R be a sequence, such that lim, .. d, = co. Assume that, for
all m, x,: [t1,t2] — Ule W; & T; is a solution of

dp
T P (FG), p(0) € X,
Then there exists a convergent subsequence {dy, }1en such that, lim;_, o ©,, = ™,
where x*:[t1,ta] — Ule W; & T; and the convergence is uniform on [t1,ts].
Moreover, x* satisfies (2.1).



R1GOROUS NUMERICS FOR DISSIPATIVE PDES 205

3. The existence of uniform bounds
for all Galerkin projections for short time steps

Consider equation (1.1). We assume that conditions (1.2)—(1.4) are satisfied.
If a(t,z) is a sufficiently regular solution of (1.1), then we can expand it in
Fourier series a(t,z) = >, 74 ax(t)e’™* to obtain an infinite ladder of ordinary
differential equations for the coefficients ay

(3.1) % = \gax + Ni(a), k€ Z%

where N (a) is k-th Fourier coefficient of function N(a, Da,...,D"a).
Observe that a; € C™ and (3.1) are not independent, because the reality of a
imposes the following condition

(3.2) a_p = Q.

To put (3.1) in the context of the previous sections we define

Z|ak|2 < oo}

I=7% H= {(ak)kel
kel

and consider the subspace defined by condition (3.2). This subspace is invariant
for all Galerkin projections of (1.1) onto X,,. Other constraints like oddness or
evenness of a(t,z) may cause the change of I, moreover also the basis in our
Hilbert space may change accordingly, for example, for the KS equation (1.8)
with odd and periodic boundary conditions (1.9), we have I = Z, and u(t,z) =
> ker —2ax(t) sin(kz), where ap € R and equation (3.1) becomes

k—1 o0

(3.3) % =k*(1 —vk®)ap — k Z anag—n + 2k Z Anlnyk, k=1,2,...
n=1 n=1

(see [3], [31]).

Observe that conditions (1.2)—(1.4) are satisfied for the KS equation. Namely,
we have v(|k|) = v — 1/|k|?, p = 4, r = 1. For the Navier-Stokes equations with
periodic boundary conditions p = 2, » = 1 and v(k) = v, where v is the viscosity.

3.1. Estimates. In this subsection our goal is to prove the following

LEMMA 3.1. Let s > sog =d+r. If |ax| < C/|k*|, |ao] < C, then there exists
D = D(C,s) such that
D
|Ng| < e |No| < D.

Before we proceed with the proof we need several lemmas. To make expres-
sion of some formulas less cumbersome in this subsection for 0 = {0}¢ € Z¢ we
redefine its norm by setting |0] = 1.
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LEMMA 3.2. Let v > 1. For any a,b > 0 the following inequality is satisfied
(a+b)7 <277 Ha” +b7)

Proor. This is an easy consequence of the convexity of function x — 27 for
v > 1. Namely

v v 2
(a+b)7:27<a‘2"b> §27<a —2|—b ):2”‘1(a7+b7). O

The following lemma was proved in [19]:

LEMMA 3.3. Assume that v > d. Then there exists Cqo(d,v) € R such that,
for any k € Z4\ {0}, holds:

R[]k = Ra R

k1€ZIN{0,k}

PROOF. From the triangle inequality and Lemma 3.2 we have

1k — v Y=k — 5|7 v
LR (e R L) i (Lt L) Y A SN Y
k= iPRD = Tk — ik ke — kD CERRTESR
Hence
1 27-1 1 1 27 1
- < z (—+—— )< —.
2 WEoE S 2 T <|k|v+|i—k|v) 2 T
keZa\{0,i} keZa\{0,i} keZ\{0}

Now we want to include also the vectors of zero length in the sum appearing

in Lemma 3.3.

LEMMA 3.4. Assume that v > d. Then there exists Ca(d,y) € R such that
for any k € Z¢ holds

Z 1 < CQ(da’Y)
TPl = R

k1,k2€Z2, ki4ka=

Proor. Consider two cases k = 0 and k # 0.
If k = 0, then there exists C(d,v) € R such that

1 1 -
— =14+ — = C(d,").
2 EHFRR Ty - )
1,k2€24, k1+ka=k k1€z4\{0}
If k£ # 0, then from Lemma 3.3 it follows that
1 2 1
_— —|— e
; AR k2[R . 2 R K]
k1,k2 €729, k1+ko=k k1,k2€7Z \{0},]@1-‘1—]@2—/6
B k|7

Hence the assertion holds for Cs(d, ) = max(C(d,v),Cq(d,y) + 2). O
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LEMMA 3.5. Assume y > d. For anyn € Z,, n > 1 there exists Cy,(d,v) €
R such that for any k € Z% holds

Yoo v = ¥
P SO L] LR L1 K|

PrOOF. By induction. Case n = 2 is contained in Lemma 3.4. Assume now
that the assertion holds for n. We have

Z 1
i || o [ |7

Kty hns1 €24, S0 k=

- % (g 2 R )

Y
knt1€7Z4 [en 1] Kt kin €29, S0 ki=k—kn 11
T e [knta " |k = knya]” — |kl

O

PrROOF OF LEMMA 3.1. For the proof it is enough to assume that N is
a monomial. After formally inserting the Fourier expansion for u, Du, ... ,D"u
we obtain the expression of the following type

(3.4) Ni(u) = Z Vg, - ldots - v, ,
ki4...+ki=k

where each of the variables vy, 7 =1,... ,[ is some Fourier coefficient of one the
components of u or its partial derivatives of the order less than or equal to 7.

Observe that for the Fourier coefficients of partial derivatives up to order r
we have the following estimates

b1+ 4By,
oxy' .. .8xgl

< ¢ < ¢
= k=Bt B = [k

(3.5)

From conditions (3.4) and (3.5), and Lemma 3.5 we obtain

cr C"Cy(d,s —1)
> <

[ Nie(u)] < <
k|'l€1|s—r,'”,|kn|s—r |'l€|s—r

ki+...+kn=

3.2. Existence theorems. The main result in this section is Theorem 3.7,
which states that equation (3.1) satisfying conditions (1.2)—(1.4) has solutions
within self-consistent bounds for a sufficiently short time.

THEOREM 3.6. Consider (3.1). Assume that conditions (1.2)—(1.4) hold. Let
be so =p+d+1 and m € R. Consider compact set W C X,, and a sequence
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of compact sets By, C Hy, for |k| > m, such that there exist s > so and C € R
and the following condition is satisfied

c

Then W & [Iier x>m Br satisfies conditions (C2) and (C3).

ProoF. Condition (C2) is obvious. It remains to prove (C3). Let T =
er[, |k|>m B..

The first question is whether W & T' C dom F'. Consider u € W @ T. From
Lemma 3.1 it follows that Fy(u) is defined and, for |k| > m, holds:

D,

|Fk(u)] <orClk[P™" + DIk["™" < k|s—»

for some constants D and Dy. Hence

(3.6) fo= max |Fi(u)] < 2

W ST |k|Tp’ |k| >m, kel

For 5 > s we have Y-, wer fi < 00. From this it follows that W & T C
dom (F).

It remains to prove the continuity of F: W & T — H. From condition (3.6)
it follows that

lim > JARF@)> =0
|k|>n

uniformly on W @ T. Hence it is enough to prove that Fy: W & T — Hy is
continuous.

Let us fix k € I and assume u”,u* € W & T, for n € N and u" — u* for
n — oco. We have (compare the proof of Lemma 3.1)

Fr(u) = Aug + Ni(u) = Mgug, + Y Nei(u),
icJ
where J is some set of multindices and for each ¢ € J, Nj ; is monomial depending
on the finite number of uy, i.e.

Nii=aug ... -uy, forsomea€cCandk +...4+k ==k

The term A\puy is continuous, hence it is enough to consider N, only. Let us
fix ¢ > 0. From Lemma 3.1 it follows that there exists a finite set S C J, such
that

(3.7) 3 INka(u)] < g for all u € W & T.
i€J\S



R1GOROUS NUMERICS FOR DISSIPATIVE PDES 209

There exists L, such that for all i € S monomials Ny, ;(u) depend in fact on the
variables u; for |I| < L, hence )
there exists ng, such that

ies Nr,i(u) is continuous on W @ T'. Therefore

. €
(3.8) ZN,C,Z-(U") — ZN;M-(u )| <3
€S €S
From (3.8) and (3.7) we obtain for n > ng
|Ni(u") = Ni(w™)| < | Nia(u™) = - Nia(u”)
€S i€S
+ Z [ Np,i(u™)| + Z [Npi(u*)] < e.
i€J\S i€J\S

Hence limy,_,o0 Ni(u™) = Ni(u*). O

Now we are ready to state and prove our main theorem in this section.

THEOREM 3.7. Consider (3.1). Assume that conditions (1.2)—(1.4) hold. Let
so=p+d+1. Let Z ®Ty form self-consistent bounds for (3.1) such that, for
some Cy and s > sg, holds:

C
|T0’k|§#, |/€|>m, kGI, S > Sp.

Then there exist h > 0, W @ Ty — self-consistent bounds for (3.1) and L > 0,
such that, for alll > L and u € P(Z ® Tp),

C
A(0,h,u) CW Ty and |Tixl <

1
—, |k|>m, kel
|[*

Proor. Let W C X, be a compact set, such that Z C int x, W. By
eventually increasing Cy we can assume that

C
lug| < #7 forallu e W @ Tp and k € I.
We set C1 = 2C) and define the tail 77 by
— C
e (0 2)
|k|>m, kel

From Lemma 3.1 it follows that there exists D = D(C1, s), such that

| N (u)] < W%? for all u, such that |ug| < |i|15
Let u € W @ Ty and |ug,| = C1/]ko|® for some |ko| > K_.
(39) 5 (usylusy) < —volkolluky|? + el [Ny (o)
< (—unCulko P+ Dlkol ")y, | L2l < o,

dt
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|ko| > L, for L sufficiently large.
Consider now the differential inclusion

(310) ZC/GPLF(ZC)-FA, re Xy, AcC Xy,

where the set A represents the Galerkin projection errors on W &7 and is given
by
A= {PLF(U) — PLF(PLU) | ueWw @Tl}

As it was mentioned in the introduction, by a solution of differential inclusion
(3.10) we will understand any C! function 2:[0,t,,] — X satisfying condi-
tion (3.10).

It is easy to see that there exists h > 0, such that if x:[0,t,,] — X, where
tm < h, is a solution of (3.10) and x(0) € Pr(Z & T(0))), then

(3.11) z(t) eint x, PL(W @ Ty), te€]0,h]

Namely, it is enough to take h > 0 satisfying the following condition

h- <ue1‘}/1%§16 |PLF(U)| + Iglean |5|> < dist (PL(Z D To), 8XLPL(W D Tl))

Let I > L and let u:[0,¢1) — X; be a solution of
' = P F(u), u(0)=ug€ P(X ®Tp).

By changing the vector field in the complement of P,(W & T7) we can assume
that ¢1 = co. Let

tm = sup{t > 0] u([0,t]) Cc BL(W @& T1)}.

Obviously t,, > 0. It is enough to prove that ¢,, > h. Observe that for t € [0, t,,]
Pru(t) is a solution of (3.10), hence from (3.11) we obtain

PLU([O,tm]) C int XLPL(W &) Tl).

From (3.9) it follows immediately that Qru([0, ¢,,]) C int v, BQL(W&T1). Hence
u(tm) € int x, B, (W ®T1). From above condition and the continuity of w it follows
that, for some § > 0, holds:

u(tm +t') €int x, B(W & Ty), t' €]0,d]
hence t,, = h. O

3.3. Classical solutions from self-consistent bounds. The goal of this
section is to address the question, whether the solutions of (1.1) obtained through
the method of self-consistent bounds are classical solutions.

To formulate the answer in an abstract setting we need some assumptions
about the behavior of the derivatives for functions from Hy,.
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For s > 0 let C5,.(n) = C*(T%,R™) denote the space of functions on the

d-torus of class C*. For u € C)..(n) we set |ulo = sup,cra [u(z)], where on R"

we use any fixed norm.

DEFINITION 3.8. Let H = @, .; Hr. We say that the decomposition of H
into Hy is r-smooth, when the following conditions are satisfied:

(a) there exists a partial linear map ¢ : H D dom (v) — CJ,(n), such that
@Drcr Hr C dom (¢) and ker(r) = {0},

(b) there exists constant R such that, for each k € I, u € Hj and for
[l=1,...,r, holds:

‘ 0'u(u)

227 | <R|k!
o om |, = TRl

0

for any (i1,...,4;) € {1,...,d}".

Observe that the Fourier expansion, which means that Hj is the space
spanned by e; - expikz, where {e;};=1,. ., is a canonical basis in R", is ob-
viously an r-smooth decomposition of Ls([0,27], R™) for any r.

THEOREM 3.9. Consider (3.1). Assume that conditions (1.2)—(1.4) hold. Let
so=d+p+1. Assume that H = @, ., Hy is an s-smooth decomposition of H,
for s > so. Let u:[t1,te] = WaT C H, where W T are self-consistent bounds
for (3.1) such that, for some constants m,C € R, s > sy,

|| < k| >m, k€I,

ol
|kl*’
holds, then u is a classical solution of (1.1).

Proor. We define a(t, x) by

a(t,x) =Y u(ur(t))(x).
kel
From our assumptions it follows that the above series is converging uniformly on
[t1,t2] x T9. Also for any partial derivative of order less than or equal to p holds

da _ Ou(uy)

8:@1 N 8{,61‘[ kel 8&61‘1 . axil

Moreover, the convergence is uniform on [t1, ta] X T<. Since s > so, hence also the
Fourier expansions for La and N(a) (see Lemma 3.1) are converging uniformly
on [t1,tz] x T9. This finishes the proof. O

In fact from the proof of the above theorem one can obtain the information
about the regularity of solutions. For the results of this type using this approach
for Navier—Stokes equation we refer the reader [27].
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3.4. Analyticity of solutions. The goal of this section is to prove using the
self-consistent bounds approach the results from [6], [19] about the analyticity
of solutions.

To discuss the analyticity we need first several lemmas.

LEMMA 3.10. Assume that for some v > 0, a > 0 and D > 0 there is
lur| < De=l¥ /|k|Y for k € Z4\ {0}. Then the function u(x) =", pa ure™™ is
analytic.

LEMMA 3.11. Lets > so = d+r and g > 0. If|ax| < Ce= 4% /|k*|, |ao| < C,
then there exists D = D(C,s) such that

De— 4k

|Nk| € ==
|k.|s r

|No| < D.

PROOF. From the triangle inequality and Lemma 3.5 we have

>

ki,... ,kTLEZd, E;l:l ki=k

e—alkal .. g—alkal

[ka|7 o kY

< ealkl Z 1 < Onld, 7)e Ik

. . Y Y
ki,... . kn€Z2, 37" | ki=k |k1| o |kn| |k|

The remainder of the proof is essentially the same as the proof of Lemma 3.1.0J

LEMMA 3.12. Consider (3.1). Assume that conditions (1.2)—(1.4) hold. Let
so=p+d+1. Let Z ® Ty form self-consistent bounds for (3.1), such that for
some Cy and s > sg holds

C
|T0,k|§#7 |k‘.|>m7 ke[7 § > S0.
Then there exists h > 0, ¢ > 0, Cy and L > 0 such that, for | > L and
u € P(Z ®Ty) holds: @' (t,u) =3, u(t) is defined for t € [0,h] and

Che—lklt

(3.12) lug(t)] < Wa

kel, te|0,h].

PRroOOF. Let h > 0, W&T1, L > 0 be as obtained in Theorem 3.7. It remains
to prove (3.12). Let us choose C5 so that

(3.13) li—f > ||(W @ Ty)ll, forall keI

Let D = D(C3,s) be as obtained in Lemma 3.11. Let us fix

D\ V@)
K. .
~ <C2Uo )
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From (3.13) it follows that there exists 0 < go < (vo — D/(C2K?~")), such that
for 0 < g < qo holds
Cye—alklh

|k[®
We will show now that for any Galerkin projection P, with ! > L and u € P,(Z®
To), if |uk(to)] < Coe~ It /k|* for |k| > K. and |uk,(to)| = Coe9kolto /|o|5
for some |ko| > K. and tg € [0, h], then

(3.14) > |(Wa T, forallkel, |kl < K.

d|uko|

(3.15) o

(o) < —qlkollu, (to)l-

From Lemma 3.11 we have

dlu De—dlkolto
M(lfO) < —vo ko |P[uk, (to)| +

dt |/€0|S_T
Hence to obtain (3.15) it is enough to show that
De—q‘ko‘to C2e—q‘k0‘t0
2 < (wolkol? — qlko|) 2
|kols—" (volkol ko) |kol*

Since (vo|k|P — qlk|) < (vo — ¢)|k[?, then it is enough to prove that, for |k| > K.
and ¢ small enough, D < (vg — ¢)|k|P~"C5. This, for ¢ < vg, is equivalent to

q<wo— L_ =4o-
CoKP™"
Observe that, with our choice of K., we have g, > 0. It is now easy to observe
that (3.15) and (3.14) implies (3.12). O

LEMMA 3.13. Consider (3.1). Assume that conditions (1.2)—(1.4) hold. Let
so=p+d+1. Let Z ® Ty form self-consistent bounds for (3.1), such that for
some Cy, ¢ > 0 and s > so holds

Cpe4l¥|

k>
Then there exists h > 0, ¢t > 0 and L > 0 such that, for | > L and u €
P(Z & Ty), holds:

[To.x] < k| >m, keI, s> so.

Pl (tu) =D ur(t)
kel
is defined for t € [0,h] and

OQB_ql‘k‘

(3.16) s (8 < 2.

kel, te]|0,h]

PROOF. Let h > 0, W& Ty, L > 0 be as obtained in Theorem 3.7 for Z@TVO,

where
~ Co
|To,k| < T |k| >m, ke, s> so.
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Since Ty C fo, then to complete the proof it remains to prove (3.16).

Let us choose C5 so that
C
ﬁ > ||[(W @ Ty)gll, forallkel.

Let D = D(C3,s) be as obtained in Lemma 3.11. Let us fix

D \ Y@
3.17 K. > .
(3.17) (o)
There exists 0 < gg such that, for 0 < ¢; < qg, holds
Cze—ql\k\
(3.18) ———— > ||((WaT)l|, forallkel, |kl <K..

|k[*

We will show now that for any Galerkin projection P, with ! > L and u € P,(Z®
To), if Jug(to)| < Coe= 0kl /|k|* for |k| > K, and |ug, (to)| = Cae~ 91kl /|Eo|* for
some |ko| > K. and g € [0, h], then

d|uk0|

(3.19) =

(to) < 0.

From Lemma 3.11 we have

d|ug, | De~ kol
Skl < _ P e -
g (to) < —volkol"|uk, (to)] + oo

Hence to obtain (3.19) it is enough to show, for |k| > K. and ¢; > 0 small

enough, that
De— kol 026—111“@0\
———— < wolko|P —F—
|I€0|S_T O| 0| |I€0|S
This is equivalent to D < voKP~"Cy, which is satisfied due to (3.17). We choose
¢1 < min(q, go). It is now easy to observe that (3.19) and (3.18) implies (3.16).0

From Lemmas 3.12 and 3.16 we obtain easily the following

THEOREM 3.14. Consider (3.1). Assume that conditions (1.2)—(1.4) hold.
Let so = d+p+ 1. Assume that H = @,,c; Hy, is an s-smooth decomposition
of H, for s > sg. Let u:[t1,te] = W & T C H, where W & T are self-consistent
bounds for (3.1), be a solution of (3.1) such that for some constants m,C € R,
s> 8o
Co
|k|s”
holds, then w is a classical solution of (1.1), which for any t € (t1,t2] is an

|T| < |k| >m, kel,
analytic function of x. Moreover, for some q > 0, the following holds:

C e—alkl(t=t1)
u(t)] < 1T
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4. The algorithm for rigorous enclosure of solutions
of perturbations of ODEs and differential inclusions

4.1. The interval arithmetic and notation used in the description
of algorithms. The interval arithmetic [16], [17] is a suitable tool to deal with
the non-rigorous computer arithmetic, because it replaces a mathematical object,
r, a real number or a collection of reals composing a vector, a matrix etc., by an
interval or a collection of intervals r, such that r € r. Moreover, the arithmetic
operations on the interval objects can be defined so that the result of the interval
computation always contains the result of the corresponding real operation.

In the description of algorithms we will use the same conventions as in [26]
regarding the notation of single valued and multivalued (interval) objects. In
the sequel, by arabic letters we denote single valued objects like vectors, real
numbers, matrices. Quite often we will use square brackets, for example [r],
to denote sets. Usually this will be some set constructed by some algorithm.
Sets will also be denoted by single letters, for example .S, when it is clear from
the context that it represents a set. In situations when we want to stress (for
example in the detailed description of an algorithm) that we have a set in a for-
mula involving both single-valued objects and sets we will rather use the square
bracket, hence we prefer to write [S] instead of S to represent the set. From
this point of view [S] and S are different symbols in the alphabet used to name
variables and formally speaking there is no relation between the set represented
by [S] and the object represented by S. If in the description of an algorithm
we will have a situation that both variables, [S] and S, are used simultaneously,
then usually S € [S], but this is always stated explicitly.

For a set [S] by [S]; we denote the interval hull of [S], i.e. the smallest product
of intervals containing [S]. The symbol hull(xy, ... ,x) will denote the interval
hull of intervals x1,...,x;. The set Y C R™ will be called an interval set if
Y =[]~ Vi, where Y; are closed intervals (we will allow also for degenerate
intervals I = [a, a]).

For any interval I = [a, b] we define a diameter of I diam (I) and the functions
left(T), right(Z), I™ and I~ by

diam(I) =b—a, I =left(l)=a, I =right(I)=20.
For ¢ >0 and X = [a —§/2,a+ §/2], where § > 0 we define
inflate(X,c) = [a — ¢d/2,a + ¢§/2].

For any interval set (vector, matrix) [S] by m([S]) we will denote a center
point of [S] and by diam ([S]) we will denote the maximum of diameters of its
components.
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In the description of algorithm we will use the expression a € bool to indicate
that a is a boolean variable with the possible values false and true. Sometimes
integer constants 0 and 1 might used for false and true, respectively.

4.2. An outline of the algorithm. For the purpose of the rigorous inte-
gration of dissipative PDEs we will study the following nonautonomous ODE;,

(4.1) a'(t) = f(a(t),y(t))

where z € R™ and y:R D D — R" is bounded and continuous, and f is C*.
Assume that we have some knowledge about y(t), for example |y(t)] < e for
0 <t <t;. We would like to find a rigorous enclosure for ().

What we describe below is basically the algorithm for the rigorous enclosure
of the solutions of the differential inclusion
(42) ) € 1)+ 1),
where [§] C R™. In the context of the rigorous integration of dissipative PDEs
the function y(¢) in (4.1) represents the tail and [d] in (4.2) is the Galerkin
projection error.

For a bounded and continuous function y: [0, 00) — R"™ let (t, 2o, y) denotes
a solution of equation (4.1) with the initial condition x(0) = zy. For a given
Yo € R™ let B(t, zo, yo) be a solution of the following Cauchy problem

(4.3) 2 = f(x,y0), x(0)=xo

with the same initial condition x(0) = z¢. Observe that system (4.3) is a partic-
ular case of (4.1) with y(¢) = yo.

We are interested in finding rigorous bounds for ¢(t, [xo], [yo]), where [zo] C
R™ and [yo] C Cp([0,00),R™). The set [yo] might be defined be some dynamical
process, in this case we may need to compute the range of [yo] during each time
step or be given explicitly, for example: y € [yo] if and only if y is bounded and
continuous and y(t) € [—¢,e]™.

To achieve the above mentioned goal we propose a modification of the original
Lohner algorithm [13], [14]. Our presentation and notation follows a description
of the C°-Lohner algorithm presented in [26] and almost coincide with the con-
tent of Section 6 from [29]. The main difference compared to [29] is in how the
first and the fifth parts are realized in the context of dissipative PDEs. This is
described in the subsequent sections.

4.3. A fundamental estimate. The following lemma is a particular case
of Theorem 1 in Section 13 in [22] (see subsection IV “The Lipschitz condition”),
a self-contained proof (with precisely specified assumptions) can also be found
in [10].
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LEMMA 4.1. Assume tg,h € R and h > 0. Let f:R™ x R™ — R" pe
a Cl-function. For a fized y. € R™ and a bounded and continuous function
y: [to, to + h] — R™ consider

(4.4)
(4.5)

T, Ye), z(to) = o
xa@/c) + (f((&y(t)) - f(x7yc))7 LL’(to) = Zo-
Let x1, 22 : [to,to + h] — R™ be solutions of (4.4) and (4.5), respectively. We

assume that
(a) W, C R™ is a convex set and y([to,to + h]) C W,,.
(b) Let Wi C Wa C R™ be convex and compact, such that, for s € [to,to +
h], holds:

/

x
/

ZT

I
I(

z1(s) e W1 and xa(s) € Wa.
Then, for t € [to,to + h] and for i =1,... ,n1, holds:

t
j1.4(t) — 22.4(8)] < ( / eJ<t—s>Cds) ,
to

K3

provided C € R™ and J € R™*™ satisfy the following conditions:
Ci Z SUP{|fi($7yc> - fl(x7y>|7 WSS W17 Y S Wy}7 1= 17' oy,
ofi
Sup_f(W27Wy) ZfZ:]7
I > 8xj )
B O [ (Wa, W,)
up afL'j 2 Yy

if i # j.

COMMENT. It is very important for the application to dissipative PDEs, that
in the above lemma the terms on the diagonal in matrix J can be negative. As
a result of this fact the increasing of the dimension of the Galerkin projections
does not result in a significant increase of ||e”?|| for ¢t > 0. This fact allows also
to obtain the equicontinuity of all Galerkin projections, which can be later used
to obtain an ODE-type uniqueness proof for dissipative PDEs (see [28]).

4.4. One step of the algorithm. The basic outline of the algorithm is
nearly the same as in [29]. The only, but essential, difference is that in the case
of dissipative PDEs we have an efficient procedure for the computation of the
evolution of the tail.

In the description below the objects with an index k refer to the current
values and those with an index k + 1 are the values after the next time step.

We define

[yr] = {y € Cu(]0,00],R™) | y(t) = z(tr +t) for some z € [yo]}.
We will also use the following notation for [y] C Cp(]0, 00), R?)

[WI([tr, t2]) = {2(t) | z € [y, t € [tr, ta]}-
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One step of the Lohner algorithm is a shift along the trajectory of system

(4.1) with the following input and output data:
Input data:

e {5 is a current time,

e hy is a time step,

o [z1] C R™, such that o(tg, [xo], [yo]) C [xk],

e bounds for [y],
Output data:

® {11 =tr + hi is a new current time,
¢ [zr4+1] CR™, such that o(tg41, [zo], [vo]) C [Tr+1],
e bounds for [yx11].

We do not specify here the representation of sets [zy]. This issue is very
important in the handling of the wrapping effect and is discussed in detail in
[13], [14], [16], [17] (see also Section 3 in [26]).

One step of the algorithm consists from the following parts:

1. Generation of a-priori bounds for ¢ and [yo]([tk, tx+1]). We find
convex and compact set [Wa] C R™ and convex set [W,] C R”, such
that

@([0, b, [ze], [ya]) < [Wal, [wil([0, hi]) € [Wy].

2. We fix y. € [W,].

3. Computation of an unperturbed z-projection. We apply one step
of the C%-Lohner algorithm to (4.3) with the time step hj, and the initial
condition given by [zx] and yo = y.. As a result we obtain [Tj+1] C R™
and convex and compact set [W7] C R™, such that

@(hkv [xk]vyc) - [T/H-l]v @([Ovhk]v [ifk],yc) C [Wl]

4. Computation of the influence of the perturbation. Using formu-
las from Lemma 4.1 we find set [A] C R™, such that

@(tkt1, [z [yo]) C P(hi, [Tx], ye) + [A].

Hence

(4.6) P(trt1; (2o, [vo]) C [zpt1] = [Tega] + [A]
5. Computation of [yx11].

4.5. Part 1 — comments. In the context of an ordinary differential in-
clusion (4.2) we can set [W,] = [0]. The question of finding [W>] is treated in
Section 5.
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In the context of a dissipative PDE we cannot find [W,] and [Ws] using
independent routines, some consistency conditions are necessary. This question
is treated in detail in Sections 6-8.

4.6. Part 4 — details. We use Lemma 4.1.

1. We set
[0] = [{f(z,yc) — flz,y) |z € W], y € [W,]}s
C; =right(|[6]]), i=1,...,n
r1ght<ag]:l ) ifi=jy,
e | 52 (wal, 1)) iti ).

= foh e (h=9)C ds.
3. [Az] = [—Di7Di], for i = 1, oo, n.
For the computation of f(f eAt=5)C ds, see Section 6.5 in [29].
After we compute A to avoid the wrapping effect we perform a rearrange-
ment, see Section 6.6 in [29].

4.7. Part 5 — comments. For ordinary differential inclusions (4.2) we don’t
have to do anything. In the context of PDEs this is a very important issue and
it is treated in Section 7.4.

5. Generation of a-priori bounds for ordinary differential inclusions

The goal of this section is to present an algorithm for the generation of a-
priori bounds for ordinary differential inclusions. We will frequently refer to such
a-priori bounds as the rough enclosure. The main result is Theorem 5.5 and the
algorithm based on it is presented in Section 5.3. These developments realize for
differential inclusions Part 1 of the algorithm outlined in Section 4.

5.1. A naive rough enclosure function. We start with the following easy
theorem.

THEOREM 5.1. Consider a differential equation
(5.1) 2 = f(z), z€eR"

where f € Ct. Let ¢ be a local flow induced by (5.1), h € R and X, Z be interval
sets, X C int Z. Suppose that

(5.2) Y := interval hull(X + [0,h]f(Z)) Cint Z
then ¢([0,h],X) C Y.

An easy proof is left to the reader. Above theorem can be also derived from
Theorem 5.5 with D = ().
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Let Y be as in the above theorem, we will refer to it as the first order
enclosure, because it is based on the first order Taylor formula. Analogous
theorems using higher order Taylor formulas are possible, but our experience
show that they are not much better.

REMARK 5.2. From Theorem 5.1 it follows immediately that, if we take h
sufficiently small, then there exists the first order enclosure. In fact any interval
set Z, such that X C int Z is good for sufficiently small h.

Observe that condition (5.2) imposes severe restrictions on the size of h even
in the situation, when it is obvious that the enclosure should exists for any h > 0.
As an example we consider a single linear equation

¥ =f(x)=—-Lz, L>0, z€R.

Assume that (5.2) holds for some intervals X, Y, Z and f(z) = —Lz. By
taking diameters of both sides of (5.2) we obtain

(5.3) hL - diam (Z) < diam (Z),
(5.4) hL < 1.
On the other side is easy to see that the interval Y = [— max | X |, max | X]|] is the

enclosure for any h > 0.

An natural generalization of (5.4) to multidimensional nonlinear system is
(5.5) hldf| < 1,

where |df| is the maximum of the norm of df (x) for x over the region of interest.

In the context of the Galerkin projection of dissipative PDE from condition
(5.5) it follows that in order to obtain the first rough enclosure for n-th Galerkin
projection the time step must satisfy

hiAg| <1, for k| <n.

This usually leads to unreasonably small time steps, which is dictated not by
the dynamics of the system under the consideration, but by the inclusion in the
integration of highly damped variables of little relevance for the dynamics. In
the next section we will present an enclosure theorem and an algorithm based
on it, which allows to use considerably larger time steps.

5.2. The rough enclosure algorithm based on isolation. Our goal is to
devise a rough enclosure routine, which will take into account the strong damping
for some variables and will overcome the restriction on h given by (5.5).

Before we proceed further we need a few easy lemmas.
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LEMMA 5.3. Let N be a constant. Let x(t) be a C function. If dx/dt <
Ax + N, then, for t > 0, holds:
N\ N
Similarly, if de/dt > Az + N, then, for t > 0, holds:
N\ v N

LEMMA 5.4. Let N be a constant. Let x(t) be a C'-function. If dx/dt <
Ax + N, then, for t > 0, holds:

N N
z(t) < —, ifz(0) < —, z(t) < x(0), if z(0) > —.
—-A -2 —-A
Similarly, if de/dt > Mz + N, then, for t > 0, holds
N N N
x(t) > —, if 2(0) > —, z(t) > x(0), ifz(0) < —.
-A —-A -A
We assume that our problem can be written as
(56) % Gfl(l') :)\ixi—i—Ni(x), t1=1,...,n

where N;:R"™ — cf(R) is a multivalued continuous function and by ¢ we will
denote the (local) flow induced by (5.6) (see Subsection 1.1 for the definition).
Now we state a theorem which is a basis of our improved enclosure function.

THEOREM 5.5. Consider (5.6). Let h > 0 and X C Z C R™ be interval
sets. Let D C {1,...,n} (the set of dissipative (damped) directions), such that
if k € D, then

d
A <0, )\kak—l—Nk_<%<)\kak+Nlj,

where Ni(Z) C (N, ,N,5). For k € D we set
b:l: _ Nl;t
k _)\k’

Let Y =T]",Y; be such that

gic = (X{ = bi)e™" + by

Y; = Xi +[0,h]fi(Z) ifi¢ D,
Y = 7 ifi€D.

Then ([0, h],X) C Y, provided the following conditions are satisfied for i =

1,....n:

(a) if i ¢ D, then Y; C int Z;,
(b) upper bounds: fori € D, if Z;" < b}, then Z;" > g,
(c) lower bounds: fori € D, if Z; >b;, then Z; < g; .
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PROOF. After a modification of the right-hand side of (5.6) outside a suffi-
ciently large ball we can assume that all solutions of (5.6) are defined for ¢t € R.

By a small stretching of Z in dissipative directions we can construct a new
interval set Z , such that

Zi = Zi, i¢ D,
Zi Cintz, Z'GD7
Nk(Z)C(Nk_vN]:)? kGD,

X, +[0,h]fi(Z) Cint Z; =int Z;, i¢ D.

Obviously Y C int Z.
Let us fix zg € X and x(¢) be a solution of (5.6) through z¢ and let

T =sup{t € [0,h] | for all s € [0,t], z(s) € Y}.

To finish the proof it is enough to show that T' = h.
If T < h, then there exists § > 0, such that T+ 6 < h and &(T +t) € Z.
Hence, from Lemma 5.3, it follows that

(5.7) (T +t)eintY; C Z;, forie D andt e (0,0].

Hence z(s) € Z, for s € [0,T + §]. Applying the Mean Value Theorem to x; for
i ¢ D for ¢t € [0,0] we obtain

(5.8) (T + t) € To,; + (T+1)- fz(Z) Cxo; + [07h]fi(Z) cY;.

From (5.8) and (5.7) it follows that =([0,7 +¢]) C Y. This is in a contradiction
with the definition of T', hence T = h. O

5.3. The algorithm for rough enclosure for differential inclusions.

The initial guess. We define

Z; = Xi+ [0, h]f(X), if A\ >0,

N

Ji = Xi, if N\ < O,
N; = Ni(2),

N;
b, = .

N

We define set D, the set of dissipative coordinates, as follows: ¢ € D if and only
if \; < —0.01.

It appears to me that the natural size of the enclosure in i-th direction will
be given by diam (X; U g;). We will use it to modify the set Z in the dissipative
directions.
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We choose two real constants ¢ > 1 and 0 < ¢g < 1 (we use ¢ = 1.1, ¢4 = 0.1)
and we redefine Z; by setting:

Z; = inflate(Z;,¢), i ¢ D.
For ¢ € D we recompute N; and b; and we set
g = (X = 07)eM" w0,
w; = diam ([g;", 977U X;),

X+ i XF > bF,

7+ =
! min(b}, g + cqw;) if X;" < b7,
pen it X <7,

z7 =
max(g; — cqw;,b; ) if X; >b; .

Validation and a new guess. For each ¢ we initialize the array validated,
by validated[i] = true.

For each i ¢ D, we set Y; = X; + [0, h]fi(Z2).
If not Y¥; C int Z;, then we set validated[i] = false and define a new guess
by
Z; = inflate(Y; U Z;, ¢).

For each ¢ € D we do the following:

e We compute N; and b;. If not b; C X;, then we compute gilL and w;.

e If not Z;* > b (this implies that X;” < b) and if Z;" < g7, then we

set validated[i] = false and we define a new guess by setting

Z5 = min(bf, g7 + cqw;).

o With Z; we proceed symmetrically, i.e. if not Z; < b; (this implies
that X;” > b; ) and if Z; > g;, then we set validated[i] = false and
we produce a new guess by setting

Z7 =max(g; — cqw;,b; ).

Finally the enclosure is validated if validated[i] = true for all i.
We iterate the above step until we achieve the validation or the number

of steps is larger than some limit (equal to max(5,n/2) in my program, where n
is the dimension of the phase space).

If we achieved the validation then, we refine the obtained enclosure as follows.
We compute for all i N; = N;(Y), b; and b; and we set

}/1' = XZ' + [O,h]fl(Y), for ¢ ¢ D,

v {Xj it X;t > b,

. forie D,
‘ g i X< b,
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Y™ =

K3

X, ifX; <b;,
for i e D.

g7 if X7 > by

We can iterate the refinement a few times.

6. Treatment of the tail for dissipative PDEs

In this section we discuss how to realize Parts 1 and 5 of the algorithm for
the rigorous integration of dissipative PDEs. The algorithm itself is presented
in the next section.

We consider the problem (3.1) derived from (1.1) and we adopt the notation
used in Sections 2 and 3. Let us stress that we do not assume the local existence
of solutions of (1.1), it is a byproduct of the algorithm.

During the computation we want the bounds for solutions to be given by self-
consistent bounds. These bounds will be valid for sufficiently high dimensional
Galerkin projections of (3.1), so we can use Lemma 2.7 to obtain the existence
of solutions of (3.1).

Notations. For self-consistent bounds W @ T we will denote by m(T") and
M (T) the numbers m and M from Definition 2.3, respectively. In the sequel we
will often use variables T, T'(k), T([0, h]) to indicate the tail. By T(0) we will
usually denote the initial tail (or a candidate for such set), by T'(h) the tail at
time ¢t = h (or a candidate) and by T'([0, h]) the tail for ¢ € [0, h] (or a candidate).
For tail T', by ¢(t, 20, T), where t € R and zo € X,,,(7), we will denote the set
all possible values of z(t), where x is a solution of differential inclusion (6.1)
(a Cl-function) defined on the maximum interval of the existence

(61) x e Pm(T)F(ZL‘ + T), ZZ?(O) = Xp.

If some particular z(t) does not exists for some t, then also (¢, zo,T') is unde-
fined. In the sequel we will use expression of the form

©([0,h],20,T) C Z.

It means that ¢([0, h], zo,T) defined, hence any solution of (6.1) is defined for
t € [0, h], and the stated inclusion holds.

Standing assumptions. In this section we assume that I = Z, and Hy =
R, hence the sets By in self-consistent bounds can be represented as [a,;aZ'],
where a, < a'k", a,f € R. In this situation we can also assume that m, M € N.
The generalization to a more general situation is straightforward, it is enough to
take By = Hf;l[a,;i,a;;i] for m < |k| < M and By = By« (0,7) for |k| > M.
Moreover, we assume that conditions (1.2)—(1.4) are satisfied.
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LEMMA 6.1. Assume that Wy C R™ and T are self-consistent bounds for
(3.1). Let Xo C Wy and T(0) C T be self-consistent bounds for (3.1), such that
m(T) =m(T(0)) and M(T(0)) = M(T). Assume that

(62) @([07h]7X07T) C Ws.
Let N,;t be such that
(6.3) Ny < Ng(z+q) < N7, forallk>m,z €Wz andqeT .

Assume that, for k > m, A\ < 0. For k > m we define bf, g,f, T(h)f and
T([0,h)E as follows

+ Ni
by = _—ik
g = (TO) = b)e™" + by,
T(h)y =gk,
TO)F o TO)f =b,
+ _
. o ={ 2 Lok
_ T0), TO0), <b,
6.5 T([0,R]); =
(02) {01 { g dTO) >b;
If
(6.6) T([0,h]) C T,
then for any n > M holds
(67) (pn([oah]aXO@PnT(())) C Ws EBP?’LT([()?h])?
(6.8) ¢"(h, Xo @ P,T(0)) C Wa @ P,T(h).

Moreover, for any ug € Xo®T'(0) there exists u: [0, h] — Wo@T ([0, h]), a solution
of (3.1), such that u(0) = ug and u(h) € Wa & T'(h).

PROOF. It is enough to prove (6.7), because (6.8) follows then immediately
from Lemma 5.3 and the last assertion is a consequence of Lemma 2.7 applied
to self-consistent bounds W5 @ T and conditions (6.7) and (6.8).

To prove (6.7) let us fix n > M, p € Xo and y € P,T(0). For sufficiently
small € > 0 let W(e) C R™ and V(e) C R"™™ be such that

Wy C int W(e), Wi(e) € B(Wa,e),
P, T([0,h]) CintV(e), V(e) € B(P,(T([0,h])),¢)

and N7 < Ny(z+q) < N, forz+q€ W(e) @ V(e) and k =m,... ,n, where
NiE are the constants from condition (6.3). We define

ty = sup{t € [0,h] | ¢"([0,%],p + 1) C Wa & P,T([0, h])}.
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To finish the proof it is enough to show that ¢; = h. If this is not the case, then
there exists & > 0, t1+d < h, such that we have ¢ ([0, t+0],p+y) C W(e)®V (¢).
Hence we can use the constants Nlj[ in Lemma 5.3 for ¢t € [0,¢1 + ] to obtain

Qme"([0,t1 4 6],p+y) C int P, T([0, h])).
From conditions (6.2) and (6.6) it follows that

Hence

©"([0,t1 + 0], p+y) € Wa @ PT([0, h].
But this is in the contradiction with the definition of ¢; and our assumption that
t1 +06 < h. Hence t; = h. O

LEMMA 6.2. Same assumptions and definitions as in Lemma 6.1. If addi-
tionally N, = —N;7, T(0); = —T(0){ for k > M(T), then Wo @ T(h) are
self-consistent bounds for F'.

PROOF. Observe that T'(h), C T([0,h])r C T for all & > m, hence W @
T(h) C Wo®T. From this it follows that conditions (C2) and (C3) are satisfied
on Wo @ T'(h). To finish the proof is enough to notice that T'(h);, = —T'(h); for
k> M. ]

6.1. Uniform treatment of the tail, polynomial bounds. In a com-
puter program we cannot work directly with an infinite sequence of intervals
[aj, . ai]. We need to have a finite number of formulas describing [a;,, a}].

DEFINITION 6.3. Let m < M be positive integers. The structure, T', con-
sisting of the sequence of pairs {a,, a; }rer, k>m, such that
(a) a; <af forallkel,
(b) there exists C' > 0 and s > 0, such that
C
a',::—a,;:W, for k > M,
will be called the polynomial bound.
For polynomial bound T', by m(T'), M(T), s(T) and C(T) we will denote the
numbers m, M, s and C, respectively.
We define TkjE by TE = a,f. When discussing algorithms we will also use the
expression T' € PolyBd to say that T is a polynomial bound.
We define the near tail of T by nearTail(T) = [[,,, .p<rlay a;] and the far
tail of T by farTail(T) =[], ylay » a;].

In my implementation for the KS-equation we consider polynomial bounds
with fixed values of m and M. For such class of tails it is easy to define and
implement the arithmetic and set theoretic operations.
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For example the question of the verification of inclusion T} C by, for |k| > M,
where T',b € PolyBd and M (b) = M(T) = M can be handled as follows:
o If C'(b) =0, then T} C by for |k| > M, if and only if C(T) = 0.
o If C(b) #0 and C(T') = 0, then T}, C by, for |k| > M.
o If C(b) # 0. Let K = min{|k| | k € I, |k|] > M}. Then T C by for
|k| > M, ifand only if the following two conditions are satisfied

o) _ C)

Ks(T) — Ks®)”

s(T) > s(b),

6.2. Uniform computation of b;. In the context of a computer assisted
proof using the enclosure function based on Lemma 6.1 we have to explain how
the expressions for bf and g,f can be handled using polynomial bounds. In the
remainder of this section we will use the notations from Lemma 6.1. Moreover,
we assume that 7" and N are polynomial bounds such that m(T) = m(N) =m
and M (T) = M(N) = M and for all other polynomial bounds introduced below
we have these values of m and M.

For the further discussion we assume that Ay satisfies conditions (1.2) and
(1.3). We define an auxiliary function V:R. — Ry by

V(z) = inf{v(|k|) | k € I, |k| > z}.
Observe that the assumption A\;, < 0 for |k| > m implies that 0 < v(m) < v;.
Now we are ready to explain how the formula
+
N
— Mk

can be treated in a finite programmable way in terms of polynomial bounds.
We define b € PolyBd as follows:

(6.9) bt =

e (near tail) to calculate the near tail of b we evaluate (6.9) for k € I,
m< k<M,
o (far tail) for k > M we set

b, _C) o)
T T RO T VDR

Observe that with such definition we have b} > N\ /=X for all |k| > M (with
a reversed inequality for b, ) and this change corresponds to taking bigger value
for N, in an application of Lemma 5.3. Hence the formulas for T'(h) and T'([0, h])
give valid enclosures, when we use the polynomial bound bf defined above.

6.3. Uniform computation of T'(h). In Lemma 6.1 the following expres-
sion was obtained

(6.10) T(h)E = (T(0)f — bif)e " + b
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We want to represent T'(h) as the polynomial bound. This is achieved by finding
a larger set which is a polynomial bound and contains the product of intervals
defined by equation (6.10).

The near tail of T'(h) is defined by a direct evaluation of (6.10). The far tail
requires some analytical work. We have

LEMMA 6.4. Let I, m, M, Ay be as above. For any r € R and h > 0, there
exists E = E(r,h, M) > 0, such that

E
et < for |k| > M.

k|
PROOF. It is enough to observe that the function |k|"e~%*I"" where a =
inf{v(|k|), k| > M} > 0, is bounded. O

Now we are ready to give a formula for T(h)f, for k > M,
T(h)F <T(0)FeM + b
< CIO)  E(s(b) - s(7(0)),h, M) =~ C(b)
(

TEGON TECE oy T e+
_ C(1(0)) - E(s(b) — s(T'(0)), h M)+C(b)
|'l€|s(b
Hence we set
C(T(h)) = C(T(0)) - E(s(b) — s(T(0)), h, M) + C(b),

7. The enclosure procedure for the tail

The goal of this section is to describe the function, which constructs the
rough enclosure (Part 1 of the algorithm) and computes the tail after the time
step (Part 5) for dissipative PDEs. The proposed function is based on Lemma 6.1
and uses the notion of the polynomial bound introduced in Section 6.1.

As in Section 6, throughout this section we assume that the range of k
is I = Z4+ and dim Hy = 1. The modification required for other dissipative
equations with periodic boundary conditions is obvious and will not be discussed.
We have m, M € Z fixed in advance and all polynomial bounds will use these
values.

We assume that we have the enclosure function for the differential inclusion
(see Section 5.3) 2’ € P, F(z +T'), where z € R™ and T is the tail.

We assume that this function has the following declaration:
function incl_enclosure(h € R, [z] C R™, T € PolyBd, [W5] C R™) € bool.

This function constructs the set [Ws] C R™, such that ¢([0, ], [z],T) C [Wa].
If it succeeds then true is returned and [Ws] is updated, otherwise it returns false.
In both cases the parameter T' is unchanged.
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7.1. Case of an a-priori given tail. We have the set A C R™ representing
the a-priori bounds used to compute the global tail, Tg = [}, [T 1 Tgk]

We generate [Ws] by calling function incl_enclosure(h, [z], T, [W2]) : bool
and we check whether [W5] C A. If this is the case, then the pair ([Ws], Tq) is
validated.

This is the approach used in [29]. It turned out to be ineffective when com-
pared to the one with the evolving tail described below.

7.2. Basic functions. We assume that we have a function computing the
nonlinear term in (3.1) with the following declaration:
function N([z] C R™,T € PolyBd) € PolyBd, where [z] and T are such that,
for all k£ > m, holds

inf  Ng(z,y) > N~ ([2],T), sup  Ni(z,y) < NT([2],T),
(z,y)€lz]®T (z,y)€[z]®T

and, for £ > M, we have

Q

(V)

NI:_([Z]?T> = _Nk_(['z]7T) = Ls(N)

For the KS equation in our implementation we have s(N) = s(T') — 2, but it is
possible to obtain s(N) = s(T') — 1 (see Lemma 3.1).

There is an unpleasant feature of our implementation of N([z],T) (but it
appears to be a rather inherent for such approach): it happens that (see formula
(8.2) in Section 8): we have two tails Tp C T4, such that Th , = To, for m <
kE < M +1 (the near-tails of 77 and T5 are the same), but s(71) < s(72) (the far
tail in T3 is decaying faster than that in 77), but nevertheless

N ([ Th) < Ny (2], T),

which later produces worse isolation intervals (for k ~ M + 1) for T5 than for
T1. This phenomenon results from the following fact, when we try to bound Ny
by C/k*, then taking larger s forces larger C, which may result in larger value
of N for k ~ M + 1.

To handle the above issue we introduce the function (the method) decpower,
which for the polynomial bound T will produce a new polynomial bound 7’ with
a slower decay rate for the far tail. Namely if 77 = T.decpower(d), then

T CT,
T, =Ty, form< k< M+1,
s(T") = s(T) —d.

The following obvious lemma tells how to check condition T'([0, h]) C T from
Lemma 6.1.
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LEMMA 7.1. The same assumptions and definitions as in Lemma 6.1. As-
sume that:

(a) T(0) C T,

(b) if T(0)}F , then T;F > g7 for k >m,

(c) if T(0), >bk, then T, < g, for k> m.
h]

) C

Now we are ready to describe the algorithm for the tail validation.

Then T([0,

function validate_tail(h € R, [z] C R™,T'(0) € PolyBd, T € PolyBd,

gen_new € bool) € bool

Input parameters:

e h > 0 is the time step,

e [z] C R™ represents the a-priori bounds for z([0, h]),
e T(0) is the initial condition for the tail,

T is the candidate for T'([0, h]),

e gen_new tells whether to generate (update) T'.

Output: true is returned if T is validated, otherwise false is returned. Addi-
tionally if gen_new is equal to true, then T is updated as follows: in case it is
validated, then we find better (smaller) T, otherwise we produce the new guess
for T. If gen_new is equal to false, then T is left unchanged. For the precise
meaning of validation see Theorem 7.3.

The body of the function:

e we set
validated = false, farTailValidated = false, kvalidated[k] = false
form <k <M,

e computation of N € PolyBd, b € PolyBd and gj, for m < k < M

Ni =N (12].7),
L
2\
gE = (T(0)F — bF)erh 4 b3, form < k < M.

form< k<M,

To define by, for k > M, we proceed along the lines described in Section 6.2.
We set

oy O cw)
k FV(M)Es(N+p — Es®)?

where for the KS equation from (3.3) we have V(M) =v — 1/(M + 1)2.
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Observe that with such by we have, for k > M, N;7/—\, < b} and the
equality holds for K = M + 1 only.
e (validation) we set validated = true if the assumptions in Lemma 7.1
are satisfied, because if it is the case, then from Lemma 6.1 we obtain
the desired enclosure.

Below we discuss this verification in some detail.
The first check T'(0) C T is discussed in Section 6.1. In it does not hold then
we exit the function returning false.

Next we have to check, for all k¥ > m, the following conditions:

if T(0); < b}, then T, > g;,
(7.2) if T(0), > b, , then T,” < g, .

For the near tail (m < k < M) we verify the above conditions one by one, setting
kvalidated[k] = true when (7.1) and (7.2) are satisfied for k and kvalidated[k] =
false, otherwise.

For the far tail (k > M) we proceed as follows. First of all observe that due
to symmetry of all polynomial bounds involved it is enough to verify condition
(7.1), only.

We have three cases:

(I) s(b) > s(T(0)) and C(T'(0)) # 0.
We check that T} > g7, for M + 1 < k < L, where

1/(s(b)=s(T(0)))

L= (70“’) ) |
C(T(0))

If (7.3) is satisfied we set farTailValidated = true.

To justify the above condition let us notice that if £ > M + 1 and k > L,
then 7(0); > b} for k > M + 1. Observe also that if L < M + 1, then condition
(7.3) is satisfied, because there are no k’s in this range.

(I1) s(b) = s(T'(0)) or C(T(0)) = 0.

It

(7.4) C(1(0) = C(b),

then we set farTailValidated = true, because in this situation we have T'(0); >
b'k" for K > M + 1, hence there is nothing more to check.

If (7.4) does not hold, then we should check whether T},” > g;. Since in this
case we have T(0); < gi < b{, we will instead check the stronger condition

T,F > b}, fork> M,
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which is equivalent to the following two conditions
S(T) < s(b),  Tifppq = bipyr-
If the above conditions are satisfied then we set farTailValidated = true.

(I11) s(b) < s(T(0)) and C(T(0)) # 0.

Let us define . ,
1/(s 0))—s
_ C(T(0)) /(s(T(0))—s(b))
C(b) '
It is easy to see that

T)f >bf for M <k<L,
T(0)) <bf fork>L and k> M.

Hence, for K > M and k > L, we have to check that T,:' > g,':. Like in the
previous case we replace g,': by b;: and we obtain the following two conditions

s(T) < s(b), T;H > b;+1»

where p = maxz(M,int(L)) and int(L) is the largest integer less than or equal
to L.

If the above conditions are satisfied then we set farTailValidated = true.

o update of T. There are two update modes depending on the current
value of the boolean variable validated.

If validated = true, then we proceed as follows (compare formulas (6.4) and
(6.5) in Lemma 6.1):
For i = m + 1 to M we update T,j[ as follows:

if b < T(0)} then T, =T(0)],
if b > T(0){ then T} = g,
if b > T(0); then Ty =T(0);,
if b, <T(0), then T, =g, .

For the far tail we perform the modification only if by C T'(0)g, for k > M and
C(T(0)) # 0. If this is the case, then we leave s(T') unchanged and we set

C(T) = C(T(0))(M + 1)5T)=sT0),

With this modification we obtain farTail(T (new)) C fartail(T(old)) and Thr41
= T(O)M+1.

Now, if validated = false, then we modify only these coordinates in the near
tail, for which the validation failed (kvalidated[k] = false). Below we present
the details.
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We have two parameters 0 < dy < 1 and dy > 1 (in my program d, = 0.1,
dy = 1.01). For kK = m + 1 to M, such that kvalidated[k] = false we do the
following

if b > T;" then T;F = (1 —dy)g} + dgby,
if b, <T, then T, = (1—dy)g; +dyby,
T, = inflate(Ty,ds).

If farTailValidated = true, by, C T(0)x for k > M holds and C(T'(0)) # 0,
then we modify T as follows: we leave s(T') unchanged and we set

C(T) = C(T(0))(M + 1)*T)==T(0)

If farTailValidated = false, then we define the new far tail so that by U
T(0)r C T. For this end we leave s(T') unchanged and we set

C(T) = max(daC(O)(M + )=, C(T(0)) (M + 1) =TOD),

The above situation happens for an empty (zero) tail.

REMARK 7.2. Let us remark that it is essential for our function to work that
we keep s(7") unchanged instead of setting s(T") = s(7°(0)), because increasing s
may result in worse estimates for Ny for &k =~ M + 1, see comments at the begin
of this subsection.

e return validated.

End of the function validate_tail. It turns out that it makes sense to
define a separate function for the validation of the far tail.
function validate_far_tail(h € R,[z] C R™,T(0) € PolyBd,T € PolyBd) €
bool

Input parameters:

e h > 0 is the time step,

e [2] C R™ represents the a-priori bounds for z(0, hl),
e T(0) is the initial condition for the tail,

e T is the candidate for T'([0, h]).

Output: true is returned if and only if 7(0) C T and conditions (7.1)—(7.2) for
k > M + 1, otherwise false is returned.

We omit the discussion of this function because it is really contained in the
description of function validate_tail (see variable farTailValidated).

THEOREM 7.3. Assume that validate_tail(h, [z],T(0), T, gen_new) returns
true. Let n > M, let (x(t),y(t)) € R™ x R"™™ fort € [0, h] be a solution of

x/:PmF(J?,y), y/:PanF($7y)7
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such that x(t) € [z] for t € [0,h] and y(0) € T(0), then y(t) € T fort € [0, h).

PROOF. For the proof it is enough to compare the checks performed in the
validation part with Lemmas 7.1 and 6.1. In particular it is easy to see, that if
validated = true, then T'([0, h]) C T, where T'([0, h]) is defined as in Lemma 6.1.
In the update part the substitution neartail(T) = neartail(T([0,h])) is per-
formed for the near tail and for the far tail we substitute it with some enclosure
of T([0, k) for k > M. O

7.3. The enclosure algorithm. We assume that we have the function
guess farTail, which produces a reasonable initial guess for the far tail. For
the KS equation on the line with odd and periodic boundary conditions such
a function is given in Section 8.2.

function enclosure_with_tail(h : real, [x] C R™,T(0) : PolyBd, [W] C R™,
T : PolyBd, T-is_good_init_guess : bool) : bool;
begin
max_iter = T(0).M/2;
mazdcount = 3;
if not T _is_good_init_guess
Tinitial = guessfarTail([z], T(0));
else Tinitial=T;
validated = false;
dcount = 0;
while(!validated and (dcount < mazdcount)) do
(W2l = 2] + [0, h] - P F([2]):
T = Tinitial;
T.decpower(dcount); // now Tinitial C T with slower decay
if validate_far_tail(h, [W3],T(0),7) then
validate_tail(h, [W2], T(0), T, true);
// we have now the initial guess for the tail in variable T
1 =1;
while ((Ivalidated) and (i < max_iter)) do
if incl_enclosure(h, [z], T, [W2]) then
validated=validate_tail([Ws], T(0), T, true);
1 =141
end while;
end if;
dcount = dcount + 1
end while
if not validated return false

i = 1; /* the refinement loop */
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max_iter = 1;

while (i < max_iter) do
incl_enclosure(h, [z], T, [Wa]);
validate_tail([Ws], T(0), T, true);
1 =141

end while;

return validated,

end

From Theorem 7.3 and the above algorithm we obtain immediately the fol-
lowing

THEOREM 7.4. Let h > 0, assume that [x] ®T(0) are self-consistent bounds,
m =m(T(0)) and M = M(T(0)). Assume that:

enclosure_with_tail(h, [z], T(0), [Wa], T, Tisgoodinitial guess)
returns true. Then, for any n > M, x(0) € [z] and y(0) € P,T(0), holds:

Moreover, [Wa] @ T are self-consistent bounds.

7.4. Computation of T'(h). Assume that [zg] & T(0) and [W5] & T([0, h])
are self-consistent bounds, such that for n > M holds:

" ([0, K], (0) & P,T(0)) C [Wa] & P, ([0, A]).
From Lemma 6.1 it follows that

T(h)E = (T(0)f — bE)eM" +bf,  for k > m,
where b € PolyBd satisfies:

N,
N = N([W2],T([0,h])) € PolyBd, T’“ C by, form <k.
— Ak

To enclosure T'(h) we proceed along the lines outlined in Section 6.3. We need
to find E = E(r, h, M) defined in Lemma 6.4 for the KS equation given by (3.3).

As the first step in this direction we prove the following lemma:

LEMMA 7.5. Assume A\, = —vk* + k2, wherev > 0. Letr,E,h € R, E > 0,
h > 0. Assume that for some K > 0 holds:

E
(7.5) el < i —4hvK* +2hK? + 17 <0, 4vK?>1.
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Then, for any k > K, e < E/k".
PROOF. It is enough to show that the function f(k) = e"**k" is nonincreas-
ing for k > K. We have
f(k) = Nhe" kT 4 ret k=t = (N kh + r)k" e,
Hence f'(k) <0 if
g(k) = —4hvk* + 2hk* +r < 0.
We want the above condition to hold for ¥ > K. We will show it by proving

that ¢’(k) <0 for k > K, because in view of (7.5) we know that g(K) < 0.
Observe that ¢'(k) < 0 if and only if the following condition holds:

4hk(—4vk® +1) <0,
since we are interested in k > 0, hence we obtain 4vk? > 1, for k > K. O

We look for C(T'(h)), such that for k > M we have
C(T(h))
ks
To compute C(7T'(h)) we use Lemma 7.5 with r = s(b) — s(T(0)). We check
whether K < M +1 (if this is not the case we return the failure message). Hence

T(h)f < T0) M +bf <

we have to verify that

(7.6) —4hv(M + 1)* 4 2h(M + 1)® + s(b) — s(T(0)) <0,
(7.7) v(M +1)* > 1.
If above conditions are satisfied then we set E = e/Av+1 (M +1)50)=s(T(0) Now
from (6.10) it follows that we can set
C(T(0)E+C(b)
Es(®)

Observe that with the above definition of T'(h) there is no guarantee that

T(h)ksm C Tr>nr, hence in the final step we set T'(h) := T[0, h] N T(h).

REMARK 7.6. To obtain some intuitions about conditions (7.6) and (7.7) let

TE(h) =+

us consider the typical numbers for the KS equation (3.3). For example for the
possible chaotic case for the KS we have r = 2, v ® v =~ 0.03, M = 3m = 36,
h~1/(2\;,). We obtain

4vM? ~ 155.5,
M4y 2M?2
+ +
20(M/3)*  2v(M/3)*

—4dhvM* + 2hM? +r = —4 2

= —162 + + 2~ —158.

vM?
So conditions (7.6) and (7.7) are satisfied with large margin.
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7.5. Estimates during the time step. From the results of Section 6 (the
monotonicity of the bounds) it follows that we have the following refinement
of the enclosure T' = T'([0, h]), T'([0, h]) C T'(0) UT'(h).

We will use it in the section region in the computation of the bounds for the
Poincaré map (see [26, Section 5]).

8. Finding a good guess for the far tail for the KS equation

We will discuss here the question: How to obtain a good initial guess for the
far tail?

By a good guess we understand T € PolyBd, such that condition (6.6) in
Lemma 6.1 (T'([0, h]) C T) is likely to be satisfied. In this section we consider
the KS equation (3.3) and we derive heuristic conditions, which will guarantee
that
Ni([2], T)

— Mk
Observe that (8.1) together with condition T(0); C Ty for k > M (this is
a minimal requirement for T being the tail enclosing evolution of T'(0) ) implies
that T'([0, b))k C Tk, for k> M.

In this section as the result of the analysis of (8.1) we will obtain:

(8.1) C Ty, fork>M.

e the relation between possible values of M and s for T', (see condition

(8.4))

e the function realizing the guess of the far tail (see Section 8.2).

The KS equation with odd and periodic boundary conditions in the Fourier
domain can be written as (compare (3.3))

a, = K*(1 —vk®ay, — k(FS(k) —2-1S(k)), k=1,2,...

where

k—1 [e%S)
FS(k) = Z O Ql—n, I1S(k) = Z An Gk,
n=1 n=1
By Z—FS(]C)—FQIS(k), Ny = kBy.

We fix T' € PolyBd. Let N = N(W,T) € PolyBd, where W C R™ is
a compact set, which will not be important in the following discussion. In the
sequel we assume that C' = C(T') and s = s(T'). First we need to find D = C(N)
(see [31, Corollary 3.7]), such that |By| < D/k*~*.

Here we will organize the computation of D slightly differently than in [31]
to get a better feeling about the dependence of D on C' and s. There are also
some mistakes in the printed version of [31] on page 279 in formulas for Dy and
D5, which where derived from (correct) Lemma 3.6 in [31] (but fortunately these
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errors were not present in the actual programm, which was based on the correct

Lemma 3.6).
First, we seek the bounds for F.S(k) and I.S(k):
D, Do
FS()] < 2 1IS()] < 2
and then we obtain Di 49D
|Bk| < %

The following lemmas has been proven in [31]:

LEMMA 8.1 ([31, Lemma 3.4]). Let M < k < 2M. Then

k—M—1
2 |an|
FS(k) C 2 Z anak_n+e(/€)ak/2—|—20 Z m[—l,l],
k—M<n<k/2 n=1
where e(k) =1 if k is even and e(k) =0 when k is odd.
LEMMA 8.2 ([31, Lemma 3.5]). Let k > 2M. Then
C AR c4s c2°
FS(k an -1,1].
(k) € 5= <2M+IZ| Ty (3—1)M5>[ ]

LEMMA 8.3 ([31, Lemma 3.6]). Let k > M. Then

C C
IS(k)Cks_l(M+1)<(M+ls - +Z|an|>

Let us set

Dy(k < 2M) = max{k* Y |FS(k)|, M < k <2M},
2s+1 M C'43 C2s )

+

Dl(k>2M):C<2M+1Z| n|+(2M+1)s+1 (s —1)M*

From the above lemmas it follows immediately that

Dy = max(Dy(k > 2M), Dy (k < 2M)),

DQ:(MC+1)<(M+1801 +Z|a”|)

8.1. Dependence of D; on C' and s. We will make several assumptions

regarding the candidate tail (these numbers are typical for attracting periodic
orbits for v = 0.1 — 0.127)

M
Z sup lan| =~ A = 2,
n=1 wer

C <10, s~12, M =~ 40, MQ <1078,
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Consider first Dy. It is easy to see that the term linear in C' is dominant,

namely
2 lel) A\ -n) © c
2-40'°-10 211 n—4 6 —4
T:2 107% ~2-10°-107* = 200.
Hence we have 4 o
Dy ~ O < —.
N VI T

REMARK 8.4. D> appears to depend linearly on C. The dependence on s
appears to be insignificant.

Now we take a closer look at Di(k > 2M) observe first that the third term
is considerably larger than the second one. Namely we have

c4® < C2° s —1 C2°
(2M + 1)st1 = Ms(2M +1) 2M +1 (s—1)Ms’
The first term is dominating the other two. Namely we have
2FCM A )Yl an] | 2A(s-1)
c25/((s—1)Ms)  — 2M+1)C/Ms~

Hence we obtain the following;:

REMARK 8.5. It appears that
25+1A
2M +1

Moreover, it is also clear that Dq(k > 2M) is several orders of magnitude larger

Dy(k > 2M) ~ C ~212C.

than Dy. There is also the significant dependence on s.

The expression for Dy (k < 2M) appears to be more difficult to analyze. For
further discussion let us define

2 Z AnQk—n + e(k)az/z ,
k—M<n<k/2
k—M—1
an|

FSi(k) =

We have
|FS(k)| < FSi(k) + FSc(k).
Let us make a few observations:

e F'Si(k) contains the largest number of terms for & = M + 1, hence we
expect that it achieves is the maximum value for kK = M + 1. It is
much less obvious where the maximum for k*~'FS;(k) will be, but in
my experiments it turns out that it is achieved also for k = M + 1,
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e in the term FSc(k) the number of terms increases with k, but since

there are only a few dominating modes (say d) we can approximate
FSc(k) and k*~'FSc(k) for k> M — 1+ d by

Fse) = %2 (Tlal)

2C 2A
s—1 ~
K LFSo(k) ~ 7(2 :|an|) < C.

M+1

From above considerations it follows that
24

M+1O'

Di(k<2M) =~ (M +1)*"'FS; (M +1) +

Summarizing, it appears that
9s+1 4

(8.2) D(C, s) =~ max (Dl(k < 2M), WC)
hence, for large C,
9s+1 4
2M +1
Consider now isolation equation (8.1) for k > M

c D

> .
k= k2 (v — 1/k2)

An easy computation shows that it is equivalent to

(8.3) D(C, 5) ~

1
k2<l/—k—2>CZD, k>M

It turns out that it is enough to check the above inequality for K = M + 1, only.
Hence we obtain

(M+1)2<1/— C>D.

1
are1)
After using (8.3) we obtain
(M +1)2(2M + 1)(v — 1/(M + 1)?)

A

8.2. The function for generation of the initial guess. It appears that

(8.4) > 25tL,

equation (8.4) should serve as the basic test, whether the enclosure is possible
with the given values of s and M, because it guarantees that a “large” enclosure
for the far tail always exists. In this situation it is enough to increase C' in some
geometric fashion until we enter into the linear regime for D(C).

It is also easy to compute Cf,, where the linear regime approximately begin.
From (8.2) we obtain

Dy(k < 2M)- (2M +1)
(8.5) Cr = e .
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The above considerations lead to the following procedure for guessing the
enclosure for the far tail.
Guess of the enclosure for the tail
Input: [z] C R™, T(0) € PolyBd
Output: T € PolyBd, this is a candidate for T'([0, h]).
0. m(T) = m(T(0)), M(T) = M(T(0)),
1. Computation of A, D1(k < 2M),
2. Computation of s(T'). We seek the largest integer, Smax, such that
condition (8.4) holds and spmax < s(T(0)). We set s(T') = Smax-
3. Computation of C(T). We take the maximum of C(7T'(0)) and 3Cy,
where C, is given by (8.5).

WARNING. If we start with an empty near tail and we just evaluate A and D,
on the initial condition, then we end up with Dy (k < 2M) = 0, which leads Cf, =
¢(T) = 0. But even in this case a correct value of s(T') is generated, and while this
is really not a good guess since the tail is empty, the enclosure function works,
because the update step in function validate_tail produces a new candidate, T,
such that C(T) # 0.

8.4. Other equations. The analysis presented in this section was restricted
to the KS equation (1.8) and used heavily the fact that N was quadratic. But it
is quite obvious that this approach could be generalized to a general polynomial
function N. Observe that in this case we should obtain the following expression
CA; +C?As + ...+ CPA,

ks—r

where A; are functions of M,s. Just as in the case of the KS equation the

[Nk| <

functions A; for ¢ > 1 will contain positive powers M in the denominator, hence
for bounded set of possible C' the terms A;C? for i > 1 could be made as small
as need by taking sufficiently large M and then we are in the situation already
considered for the KS equation earlier in this section.

9. Computation of the Poincaré map

The goal of this section is to discuss the question of the computation of the
Poincaré map for (3.1).

We fix parameters m and M for all self-consistent bounds appearing in the
sequel.

To compute the Poincaré map we need the estimates for the trajectory during
the time step. As such estimates one can use the rough enclosure obtained in
Part 1 of the algorithm, but these estimates are usually too crude and can be
easily improved. For the tail this was discussed in Section 7.5 and for the main
variables (x € X,,) the procedure is described in Section 6.7 in [29].
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Consider a sequence 0 = tg < t; < ... < ty and let h; = t; — t;_1 be the
corresponding time steps. Assume that we apply our algorithm for the rigorous
integration of (3.1) to some initial condition X & Ty using the time steps h;. To
facilitate the further discussion we introduce the following notation:

e by (t;, Xo ® To) we will denote the result of i-th iteration of our algo-
rithm for the sequence of time steps hy,... , h;,

e for any h >0 and the self-consistent polynomial bounds V by @([0, k], V')
we will denote the enclosure for ([0, h], V) obtained by our algorithm.

Using the above conventions we have, for any n > M and zg € X ® Tp,

gDn(ti,Pn(l'o)) € @(ti,Xo@To), i=1,...,N,
@n([ti—lvti]v Pn(ZC())) C @([07 hl]v @(ti—leO S3) TO))? t=1,...,N.

Extending in a natural way the above notation we set

k
P([tis tivr], Xo ® To) = U 2([0, hit], D(titi—1, Xo ® To)).
=1

~

We have, for any n > M,
©" ([tis tivr), Pn(Xo © To)) C O([ti, tivr), Xo @ To).

In the computer assisted proofs of the existence of periodic orbits we consider
the Poincaré maps for all Galerkin projections P, of (3.1) for n > M. Moreover,
we want to obtain such bounds in a single application of the algorithm as in
Theorem 7.4. For this purpose we will always define the section of (3.1) in terms
of X,,.

Let a: X,, — R be a Cl-function. We define the section § C H as follows:

e 0 ={x e H|«aP,z) =0},
e P, (0) is a submanifold in X,, of the codimension one.

In our computation for the KS equation we always use « linear (affine).
For the purpose of the computation of the Poincaré map we need to add some
transversality condition with respect to (3.1). But since the vector field defined
by (3.1) might be not defined on 6, we rather formulate an easy theorem con-
taining the transversality condition as an assumption, which has to be verified
during the execution of the algorithm.

In paper [29] we considered the Poincaré map on section 6, denoted there by
G, as a multivalued map defined on P,,(6) with values in P,,(#). Here we will
rather treat Gy be as a multivalued map with both the domain and the range
being infinite dimensional.
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DEFINITION 9.1. Consider (3.1) and the section 6. For n > M let us denote
the Poincaré map for ¢™ by G, 9. Then we define the Poincaré map Gy as follows:

x € dom Gpif and only if P,z € domG, ¢ foralln > M,
Go(x) = convex hull({G,, o(Pn(x)) | n > M}), x € domGy.

For two sections 6; and 60, analogously define G, 9, ¢, and Gy, g,. In this
notation we have Gy = Gg_.g9.

THEOREM 9.2. Consider (3.1). Let Xo @ Ty be self-consistent bounds, such
that there exists N, a sequence of real numbers t; for i = 1,... , N and two
sequences of self-consistent bounds X; & T; for i = 1,... ,N and W; & V; for
t1=1,...,N —1 such that, for 0 <t; <...<tn,

(9.1) P(t1, Xo ®Ty) C X1 ® T,
(9.2) 2([0,tip1 — ], Xy @ T;) C W, 0V, i=1,..., N—1,
(93) @(ti_._l _tzaXz@Tz) CXi—Q—l@T%-Q-l, 1= 1, ,N—l

Assume that a(X1) <0, a(Xn) > 0 and

N-1

Va(Py(x)) - PpF(x) >0, forallxze U W, eV,

i=1
then, for any n > M and any x € P,(Xo ® W), there exists a uniquely defined
ty(z), such that t1 < tj(xz) < ty and ¢"(tj(x),z) € 0. Moreover, the map
tn,0: Pn(Xo®To) — R is continuous. Consequently, the map G, 9: Po(Xo®Tp) —
P09, given by Gpo(x) = " (tne(x),z) is well defined and continuous and

N-1
Gn.o(Po(Xo @ Tp)) C Py (e nlJwe V)
=1

PROOF. From conditions (9.1)—(9.3) it follows that

" (t1, P(Xo ©Tp)) C X1 @ Th,
" ([0,tix1 — i), Po(X; @ T)) C WiV, i=1,...,N—1,
" (tiy1 —ti, Po(X;©T) C Xiy1 ©Tigq, i=1,... ,N—1
To finish the proof observe that

da o " (t, )

i = Va(Py(¢"(t,x))) - PnF(¢"(t,z)) > 0. O

In the context of Theorem 9.2 the algorithm computing Gy will give

N-1
(9-4) Go(Xo®Th)) C Go(Xo & To) =00 | J Wie Vi,
i=1
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where by @; we denote the bounds for Gy computed by our algorithm.

We also introduce the following:

DEFINITION 9.3. Same assumptions as in Theorem 9.2. We define the tran-
sition time tg, by tg, = (t1,tn).

The extension of Theorem 9.2 and Definition 9.3 to maps obtained as the
transition between sections 61 and 65 is straightforward and is left to the reader.

An important issue in this context is the realization of the intersection ap-
pearing in formula (9.4). In our implementation 6 is always linear. We have
found the following approach to be the most efficient: we introduce a new coor-
dinate system (an affine transformation) in X,,, such that if (z1,... ,2;) denote
the new coordinates, then 6 = {z; = 0}. We will refer to these coordinates as
the section coordinates. Moreover, if we are close to the section (in the section
region), then we express all enclosures W; @ V; in these coordinates. This means
that formulas for rigorous estimates during the time steps from [29, Section 6.7
have to be evaluated directly in the section coordinates. In this situation the
intersection (9.4) is just a projection onto (za,...,z2:) of all sets V; & V;.

This approach has also an another advantage. When one uses the Brouwer
Theorem to prove the existence of a fixed point for the smooth map P (Poincaré
map) one needs, B, a set homeomorphic to a ball such that P(B) C B. Usually
the shape of B has to be carefully chosen. Assume that x( is a good approxima-
tion of this fixed point and vy,... ,v, are approximate eigenvectors of dP(x).
Then good candidate set for B is given by

n
B = {$0 + Zaivi
i=1

for some §; >0 fori=1,...,n.

a; € [—51',51']}7

It is then desirable to express the computed value of P(B) directly using the
linear coordinate frame induced by vy, ..., v,.

10. Periodic orbits for the KS equation — topological theorems

In this section and the following ones we report on the computer assisted
proofs of the existence of multiple periodic orbits for the KS equation (1.8) with
periodic and odd boundary conditions (1.9). These orbits are obtained using the
algorithm for the rigorous integration of dissipative PDEs described in earlier
sections.

In the Fourier domain the system (1.8)—(1.9) is given by (3.3) and has the
reflectional symmetry R, which acts as follows:

Aok — G2k, G2k+1 — —Q2k+1, Kk € Z4.



R1GOROUS NUMERICS FOR DISSIPATIVE PDES 245

We consider v € [0.02991,0.128]. For the description of various periodic or-
bits and Silnikov connections, indicating the existence of the chaotic dynamics
for v € (0.111,0.133), the reader is referred to [8] and the literature cited there.
One should be aware that in [8] the KS equation is written in a different form and
the parameter o« = 4/v is used. Let us focus on the periodic orbits branch de-
noted in [8] by yhopr. This branch, consisting of R-symmetric attracting periodic
orbits, bifurcates off the positive bimodal fixed point branch for v ~ 0.13254.
As v decreases the branch yheps undergoes the period doubling bifurcation at
v =~ 0.1223 losing its stability, which is inherited by an asymmetric periodic
orbit. Along the branch yueps we proved the existence of periodic orbits, both
stable and unstable ones, respectively before and past the period doubling bifur-
cation. We proved also the existence of an orbit on the non-symmetric branch
bifurcating from Yiops.

Other periodic orbits, whose existence is proven in this paper are unrelated
to Yaopr and were chosen, with the objective to be in the chaotic region [3] or
close to it.

To prove the existence of periodic orbits, which in numerical simulations
appears to be attracting, a Brouwer-type theorem was used — see Section 10.1.
For the apparently unstable orbits we use the covering relations [30] and the
Miranda Theorem [15] — see Section 10.2.

10.1. Brouwer-type existence theorem. We fix parameters m and M,
and we assume that these parameters are used for all self-consistent bounds
appearing in the computations.

THEOREM 10.1. Consider (3.1), assume that conditions (1.2)—(1.4) hold.
Let so =d+p—+ 1. Let 0 be a section. Assume that there exists set B ® Ty C
P, (0) ®Y,,, such that

(a) B @ Ty are self-consistent bounds,

(b) B is homeomorphic to (m — 1)-dimensional closed ball,

(¢) Go—o(BdTy) C BTy,

(d) there exists a,b >0, such that a <t <b for allt € tg, ,(B® Tp),
(e) for all0 <t <tg, ,(B®Tp) holds p(t,BdTp) NG =0.

Then there exists t* € tg, ,(Bar,), wR — H a solution of (3.1), such that
u(0) € B® Ty and u(t*) = u(0) (hence u(t) is periodic). Moreover, if all self-
consistent bounds used in the computation of Go—o(B @ Tp) were polynomial
bounds with s > sg, then u defines a classical solution of (1.1).

PROOF. Let t, 9—p(z) be the Poincaré return time to section P, (6) for x €
X, for ™. From Theorem 9.2 we obtain for n > M

tn,9—>9(Pn(B ® TO)) C tgeﬂev Gn,@—»O(Pn(B ® TO)) C Pn(B S TO)
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From the Brouwer Theorem applied to G, g—g on P, (B @ Tp) for each n > M
we obtain a periodic orbit for n-th Galerkin projection. Let us denote this orbit
by u™. We have u":R — X,, and t", such that u(0) = u(t") € P,(B ® Tp),
t" € tg,_,- By picking up a subsequence we can assume that t" — ¢*.

Let tmax = right(tg,_,). Observe that the set ¢([0, tmax], B @ Tp) is a finite
sum of self-consistent bounds (one for each time step), hence from Lemma 2.8, it
follows that we can pick up in (u™) a convergent subsequence, which is converging
to u* a solution of (3.1). It is easy to see (see the proof of Theorem 8 in [29])
that u* is periodic of period t*.

The assertion regarding the classical solution is an immediate consequence
of Theorem 3.9. O

To obtain orbits with the reflectional symmetry, R, we will use the following
obvious modification of Theorem 10.1.

THEOREM 10.2. Consider (3.1), assume that conditions (1.2)—(1.4) hold.
Let so =d+p+ 1. Assume that there exists a symmetry R: H — H, such that
R(dom (F)) = dom (F) and Fo R = Ro F on dom (F). Let 0 be a section.
Assume that there exists set B ® Ty C P, (0) @ Yo, such that

(a) B @ Ty are self-consistent bounds,

—~

b) B is homeomorphic to (m — 1)-dimensional closed ball,

¢) RoGop_ro(B®Ty) C BTy,

d) there exists a,b > 0 such that a <t <b for allt € tg,  ,,(B ®Tp),
e) for all 0 <t <tg,  .,(B®Tp) holds p(t,B®Ty) N RO = 0.

—~ N —

Then there exists t* € tg,  .,(Bat,), w:R — H a solution of (3.1), such that
u(0) € B& Ty and u(t*) = Ru(0), hence u is R-symmetric periodic orbit. More-
over, if all self-consistent bounds used in the computation of Gg—9(B & Ty) were
polynomial bounds with s > sq, then u defines a classical solution of (1.1).

10.2. Covering relations and the Miranda Theorem. The notion of the
covering relation was introduced in papers [23], [24]. Here we follow the most
recent and the most general version introduced in [30] and the reader is referred
there for proofs.

DEFINITION 10.3. A h-set, N, is the object consisting of the following data

(a) |N| — a compact subset of R™, a support of N,
(b) u(N),s(N) € {0,1,...}, such that u(N) 4+ s(N) = n,
(¢) a homeomorphism cy:R® — R" = R¥N) x R¥(N) such that

CN(|N|) = Bu(N)(07 1) X Bs(N)(07 1)
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We set

oI NI -1

N :Bu(N)(Ovl) XBS(N)(071)7 N~ =CN (N_)7
N7 =0B,)(0,1) x By (0,1), Nt =cy' (N,
Nt = Bu(N)(Ovl) X aB.S(N)(Ovl)

c

Hence a h-set, N, is a product of two closed balls in some coordinate system.
The numbers, u(N) and s(N), stand for the dimensions of nominally unstable
and stable directions, respectively. The subscript ¢ refers to the new coordinates
given by homeomorphism cy. Usually we will identify the h-set with its support.
According to this convention |N| = N.

For the unstable periodic orbits for the KS-equation considered in this paper
it is enough to consider h-sets with v = 1, so we have only one nominally
expanding direction. This restriction enables us to give sufficient conditions for
the existence of covering relations, which are easy to verify.

DEFINITION 10.4. Let N be a h-set, such that u(N) = 1. We set
Née = {_1} X BS(N)(O7 1)7 S(N)lc = (_007 _1) X RS(N)v
Ncre :{1} XBS(N)(071)7 S(N)T = (1,00) XRS(N)'

We define

We will call N'¢, N7 S(N)! and S(N)" the left edge, the right edge, the left
side and right side of IV, respectively.

It is easy to see that N— = N'¢ U N"¢.

We will not recall here the definition of covering relation in full generality,
as we restrict ourselves to the case of uv = 1, and will reformulate Theorem 16
from [30] as the definition.

DEFINITION 10.5. Let N, M be two h-sets in R™, such that u(N) = u(M)
=1and s(N) = s(M) =s=n—1. Let f:|N| — R"” be continuous. We say
that N f-covers M with degree w = 41, denoted by

N L2,
if there exists gy € B,(0, 1), such that the following conditions are satisfied

Flen([=1,1] x {qo})) € int (S(M)' U [M[U S(M)"),
FANDNMT =9,
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and one of the following two conditions holds:

(10.1) f(N'") c S(M)* and f(N"®) Cc S(M)",

(10.2) f(N') c S(M)" and f(N"¢) c S(M)".

w = 1 if condition (10.1) is satisfied and w = —1 if condition (10.2) holds.

Quite often we will drop w in the symbol of the covering relation.

REMARK 10.6. A usual picture of a h-set on the plane with u(N) = s(N) =1
is given in Figure 1. A typical picture illustrating covering relation on the plane
with one “unstable” direction is given on Figure 2.

Left side

Right side

FIGURE 1. An example of an h-set on the plane

F(NG?)

N

C_—_J ) /f(NS"")

Ny

1
FIGURE 2. An example of an f—covering relation: Ny f=’> No

From Theorem 9 in [30] we immediately obtain the following Miranda The-
orem [15].
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THEOREM 10.7. IfN Ly N, then there exists v € int N such that f(z) = .

In the context of computation of the Poincaré map for (2.1) we have the
following easy

LEMMA 10.8. Assume that B; @ Ty, Bs ® Ty are self-consistent bounds and
Bi, By are (m — 1)-dimensional h-sets. M = M(Ty) = M(T3) and uw(By) =
u(Ba) = 1. Assume that

Go,—0,(B1 @® T1) C (int S(B2)' UBaUS(B2)") @ [ (T To7)
k>m

and one of the following two conditions holds:

PGo,—o, (B ®T1) C S(B2)'  and PGy, —e,(Bi* @& Ti) C S(Bs)",
PrGoy—0,(Bif ®T1) C S(Ba)" and PG, —0,(B1° & T1) C S(Bs)".

Then, for every n > M,
G
)

By ® Py(T) "5 By @ Po(Th).

DEFINITION 10.9. We say that

Go,— 0y

BieTi =" Ba®1T>
it By @14, By @ T5 satisfy assumptions of Lemma 10.8 for the map Go, 0, .
Now we are ready to state

THEOREM 10.10. Consider (3.1), assume that conditions (1.2)—(1.4) hold.
Let so =d+p-+1. Let 6 be a section. Assume that there exists set B® T C
P, (0) ®Y,,, such that

(a) B® T are self-consistent bounds,

(b) B is an (m — 1)-dimensional h-set,

(c) BaT, ¥ Bo,

(d) there exists a,b >0, such that a <t <b for allt € tg, ,(B® Tp),

(e) for all0 <t <tg, ,(B®Tp) holds p(t,BdTp) NG =0.
Then there exists t* € tg, ,(Bem,), w:R — H a solution of (3.1), such that
u(0) € B® Ty and u(t*) = u(0). Moreover, if all self-consistent bounds used in
the computation of Go_o(B @ Tp) were polynomial bounds with s > sg, then u
defines a classical periodic solution of (1.1).

PRrROOF. For each n the existence of periodic orbit for n-th Galerkin projec-
tion follows directly from Lemma 10.8 and Theorem 10.7. Then we continue as
in the proof of Theorem 10.10. O

To obtain orbits with the reflectional symmetry, R, we will use the following
modification of Theorem 10.1.
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THEOREM 10.11. Consider (3.1), assume that conditions (1.2)—(1.4) hold.
Let so =d+ p+ 1. Assume that there exists a symmetry R: H — H, such that
R(dom (F)) = dom (F) and Fo R = Ro F on dom (F). Let 0 be a section.
Assume that there exists set B® T C Py, (0) @ Yy, such that

(a) B®T are self-consistent bounds,

(b) B is an (m — 1)-dimensional h-set,

(c) BeT, "™ BaT,,

(d) there exists a,b > 0 such that a <t <b for allt € tg,_ ,,(B @& Tp),
(e

) for all 0 < t < tg,  ,,(B®Ty) holds p(t, B & To) N RO = 0.

Then there exists t* € tg, .,(Bet,), w:R — H a solution of (3.1), such that
u(0) € B& Ty and u(t*) = Ru(0), hence u is R-symmetric periodic orbit. More-
over, if all self-consistent bounds used in the computation of Gg—9(B & Ty) were
polynomial bounds with s > sg, then u defines a classical solution of (1.1).

11. The outline the computer assisted proofs

of the existence of periodic orbits

In our computations we used the formulas for the Galerkin errors developed
in [31], [25]. The programm was written in c++, the gnu compiler was used. We
tested our program under Linux and Windows operating systems. The source
code is available at [2]. The computations have been performed using the interval
arithmetics from the CAPD package developed at the Jagiellonian University,
Krakéw, Poland [1]. This interval package was based on the double precision
arithmetic.

The general scheme of the proof is the same as in [29]. Since we want to
discuss both symmetric and non-symmetric orbits at the same time we set R = id
for non-symmetric orbits. The proof consists of the following steps:

1. (the initialization) setting up the parameters: dimensions m and M,
finding an approximate periodic orbit, choosing the section 67, finding
suitable coordinates on 61,

2. the construction of initial tail T,

3. the construction of a set Ny & Tp, such that for attracting orbits holds:

(111) Roggl_,Rgl(No@To) C No & Tp.
For unstable orbits we require that

(11.2) Ro Go,—ro, (No ® To) C int (S(No)' UNoUS(No)") & [] (Tore Toho)-

k>m

This step includes the rigorous integration of (3.3).
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4. for unstable orbits only, the verification that one of the following con-
ditions are satisfied

PrRoGg,—re, (N ®Tp) C S(No)' and Py RoGo, —.re, (Ng*©Tp)) C S(No)"

PRoGa, R, (N ©Ty) € S(No)" and  P,,RoGs, . re, (NG D To) C S(No)'.

This step includes rigorous integration of (3.3).
5. the conclusion of the proof, an application of Theorems 10.1, 10.2, 10.10
or 10.11.

11.1. Part 1 — the initialization. We set the values of m, the time step
h, the order of numerical method r and d — the number of coordinates in the
diagonalization of DG as in Tables 3 and 9. We set M = 3m.

Starting with xg, a good candidate for periodic orbit for m-th Galerkin pro-
jection of the KS equation, we construct the section 81 and the section coordinates
as in [29, Section 5.1]. 6 is a linear section through xy orthogonal to P, F'(xq).
In our proofs we have found it most efficient to choose the point zg on the sec-
tion 0 = {a; —az = 0, (a1 —a3) > 0}. We define section #; as a section
perpendicular to P, F(zg) at zg, given as follows

a(z) = (PnF(xo)|z) — (PpF(x0)|xo), o >0.

The main difference in this part of the proof, when compared to [29], is in
the choice of the section coordinates, previously we had used the orthogonalized
eigenvectors, now we use the normalized eigenvectors.

The normalized eigenvectors coordinates are constructed as follows: xg is
an approximate fixed point for the map g = RGp 0,—re,:601 D U — 01. We
introduce a new orthogonal coordinate frame such that zq is at the origin. The
first coordinate direction is P, F/(zg). To obtain the other directions we remove
from the canonical basis {e;}i=1,...m the vector e;,, such that

(Pu(F(wo) | ei)| = _max |(Pu(F (o) | €0)].

.....

Next we apply the Gram—Schmidt orthogonalization procedure to the system
P F(z0), €1, s€ig—1, €ig+1s - - - €m- The resulting vectors define the new co-
ordinate directions. Observe that in these coordinates the section is given by
condition z; = 0. On section 6 we use (y1,... ,Ym—-1) = (T2,...,Zm) as the
temporary coordinates.

Next, we compute nonrigorously an approximate Jacobian matrix Dg(zg)
using 7-th order Taylor method and the time step h. The matrix Dg(zo) €
Rm=1x(m=1) i5 expressed using the temporary coordinates. From the matrix
Dyg(zp) we extract D e R™4 in an upper left corner, hence

D;; = Dg(xg);j, fori,j=1,...,d.
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Next, we apply to Da diagonalization procedure based on the QR-decomposition
algorithm [18] to obtain the approximate eigenvectors vy, va, ... ,vq correspond-
ing to approximate eigenvalues A1, ..., Ay, which are ordered as follows

Al >0 > Al

The vectors v; are normalized as follows. Let |v| be the euclidian norm. If A; € R,
then we require |v;| = 1. If we have a pair of complex eigenvalues A\j11 = )\_j,
then eigenvectors v; and v;11 are such that

Dg(l‘o) . (’Uj + i(’Uj+1)) = )\j . (’Uj + Z"Uj+1), HlaX(|Uj|, |’Uj+1|) =1.

Some of the diagonalization data for a symmetric periodic orbit for v = 0.127
can be found in Tables 3 and 4 in [29].

Vectors {vy,...,vq} define a new coordinate system on R? and together
with coordinates Y41, ... ,Ym—1 define the new coordinates on 6y, such that our
candidate for the fixed point is at the origin, i.e. xg = 0. We will denote these
coordinates by ¢; and we will call them the section coordinates.

11.2. Part 2 — the construction of initial tail 7. The initial tail was
constructed using the routine described in [29, Section 5.2]. In this routine for all
periodic orbits we used the following settings: the partition parameter p = 50,
the stretching parameter e = 1.25 and niso = 0. It produced W &[], . la; , aff].
In the present proof we used only Ty =[], ,,.[a; » ai']-

In the proofs it turns out that this initial tail shrinks usually by a huge factor,
see Tables 5, 6, 11 and 12. Essentially the role of this step was to verify that for
a given value of M finding the topologically self-consistent bounds is possible,
i.e. there exists s > so such that (8.4) holds.

11.3. Part 3 — the construction of Ny & Ty. Our goal is to construct
a set N C 61, such that Ng & Ty C dom (Gp, —Rre,) and either (11.1) or (11.2)
holds, respectively for attracting and unstable orbits.

We constructed Ny as a result of the following simple algorithm (the section
coordinates are used to represent sets Ny and Nyp).

Algorithm.

1. Initialization. We assign the values for §, h the time step, the order
of numerical method for the computation of Gy, . re, and iter, the num-
ber of times the loop consisting of steps 2 and 3 described below should
be executed, as in Tables 3 and 9.

We initialize Ny & T as follows

No®To=[-6,0"""aT,

where T is the initial tail obtained in Section 11.2.
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. Computation of the Poincaré map. We compute

Nl @Tl = RO ggl_,Rgl (NO €B To)

If the computation is terminated successfully then we go to step 3, other-
wise the execution of the algorithm is interrupted and false is returned.

If

No ®Tp C N1 @11,

then the execution of the algorithm is interrupted and false is returned.
If (11.3) holds, then we continue as follows:
e For an attracting orbit we check whether

N1 ®T C Ny @ Ty,

then we set No @ Ty = N1 ® Ty we go to step 4.
e In the case of an unstable orbit we check whether (11.2) holds, which
in terms of N1 @ T} can be expressed as follows:

Ny & Ty € int (S(No)' UNo US(No)") @ ] (To Tsr)-
k>m
If it holds, then we set Ny & Ty = N1 & 11 we go to step 4.
If condition (11.4) or (11.5) is not satisfied then we set No = N1 N N,
and if 77 is not a subset of Tj, then we define a new value for Ty as
follows:

TO = PO]de(TO U Tl), T() = inﬂate(TO, 2),

where by PolyBd(Ty U T1) we denote the smallest polynomial bounds
containing 7o UT; and an inflation of polynomial bounds is understood
componentwise.

Next, we jump back to step 2.

. Further refinement. We iterate several times the computation of the

Poincare map and set No @ Ty = Ro Gy, —re, (No ®Tp) and return true.

End of algorithm. Let us comment about (11.6). In principle since in

each iteration set Ny is smaller we should always obtain that T} C Tp, which is

a natural consequence following fact:

if AC B then f(A) C f(B).

But our algorithm does not fulfill the above condition. Hence we increase the

tail for the next iteration to make sure that Ty C Ty, which was always the case.
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11.4. Part 4 — the verification of conditions for image of the bound-
ary for unstable orbits. We compute

Ro Gy, o, (N ®Tp) and Ro Gy o, (NG & Tp).

In both cases we input the whole left and right edges as the initial condition.

12. Example theorems and data from the proofs

12.1. Exemplary theorems about the attracting orbits. In this sec-
tion we present two exemplary theorems about the existence of the apparently
attracting periodic orbits for the KS equation. We use the phrase apparently
attracting to highlight the fact that in numerical simulations it is clearly visible
that the orbit is attracting, but we are not able to prove that.

First theorem is about the orbit with the reflectional symmetry.

THEOREM 12.1. Let ug(xz) = 211@0:1 —2ay sin(kx), where ay are given in
Table 1. Then, for any v € 0.127 + [—1077,1077], there exists function u*(t,x),
a classical solution of (1.8)—(1.9), such that

luo — u*(0, -)||r, < 3.27-1072, luo — u*(0, -)||co < 2.35-1073

and u* is periodic with respect to t with period T € 2 -[1.1216,1.1227] and has
the reflectional symmetry, R.

a1 = 2.012101e — 001 | a2 1.289980

2.012104e — 001 | a4 —3.778664e — 001
as = —4.230936e — 002 | ag = 4.316156e — 002
ar = 6.940179e — 003 | as —4.156467e — 003
ag = —7.944708e — 004 | a1p = 3.316085e — 004

as

TABLE 1. Coordinates of ug — the approximation of the initial condition
for the periodic orbit in Theorem 12.1.

The theorem below present an example of the orbit without the reflectional
symmetry.

THEOREM 12.2. Let ug(xz) = lec?;l —2ay sin(kx), where ay, are given in
Table 2. Then, for v = 0.1215, there exists a function u*(t, ), a classical solution
of (1.8)—(1.9), such that

||U0 - U*(Ov : )HLQ <13- 10_47 HUO - U*(Ov ')”CO <8- 10_5
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a1 = 2.559307e — 001 | a2
a3z = 2.559308e — 001 | a4
as = —4.780290e — 002 | ag
ar = 7.352651le — 003 | ag
ag = —7.561954e — 004 | a1o
ajp = 6.833019e — 005 | a2
a13 = —5.429533e — 006

1.096696
—3.079613e — 001

3.002048e — 002
—2.530191e — 003

1.624854e — 004
—8.789133e — 006

TABLE 2. Coordinates of ug — the approximation of the initial condition
for the periodic orbit in Theorem 12.2.

and u* is periodic with respect to t with period T € [3.0744,3.0745]. Moreover,
this orbit does not have the reflectional symmetry R.

ProOOF. The existence was obtained using Theorem 10.1. To prove that
the orbit does not have the reflectional symmetry R, we checked that R o
Go,—ro, (No @ To) N (Ng & Tp) = 0. This check was performed by computer. [J

comp.

v Sym | m h order 1) iter | d time
0.127+1077 | Yes | 10 8e—4 5 de—41| 2 9| 21 sec
0.127 Yes | 10 le—3 4 2¢e—4 | 1 9| 14 sec
0.125 Yes | 11 le—3 5 2¢e —4| 2 8| 25 sec
0.1215 No | 13 de — 4 6 5¢ —5 | 2 |10 | 300 sec
0.032 Yes | 23 | 1.be —4 ) 8e—5| 2 | 12| 457 sec

TABLE 3. The parameters used in the proofs of the existence of appa-
rently attracting periodic orbits for the KS equation. The Sym column
tells whether the periodic orbit has the reflectional symmetry R, iter con-
tains the number of iterates in the algorithm required to fulfill assumptions
of Theorem 10.1 or 10.2, comp. time — the computation time for one it-
erate on 1.73 GHz Windows machine. d is the number coordinates in the
diagonalization of the Poincaré map, iter — the number of iterates in the
construction of N. In the first row the expression 0.127 4+ 10~7 means that
the whole interval [0.127 — 10~7,0.127 4+ 10~7] was inserted for v.

In fact more is proven than it is stated in the above theorems, because any
detailed information about the tail is missing in the statement. Some partial
information on it is contained in Tables 5 and 6 where the far tail described by
C./k* and from the near tail we have data for a 41- More comprehensive data
are contained in the companion files, where also the complete results of each
iteration of R o Gy, gy, are given.
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v period Lo H, CO Ct
0.127+1077 | 2- [1.1216,1.1227] | 3.22e — 03 | 9.00e — 03 | 2.10e — 03 | 6.30e — 03
0.127 2. [1.1218, 1.1225] 1.39e — 03 | 3.97e — 03 | 9.48¢e — 04 | 3.14e — 03
0.125 2-[1.2382,1.2386] | 6.59¢ — 04 | 1.92e — 03 | 4.40e — 04 | 1.44e — 03
0.1215 [3.0744,3.0745] | 1.24e — 04 | 3.63e — 04 | 7.53e — 05 | 2.42e — 04
0.032 2-[0.4092,0.4094] | 9.59¢ — 04 | 5.89e — 03 | 9.46e — 04 | 5.86e — 03
FIGURE 4. Some data from the proof of the existence of apparently at-
tracting periodic orbits for the KS equation. The columns Lo, Hy, C9, C1
contain the estimate on the distance in the corresponding norm, between
the center of P, (N@®Tp) and the periodic orbit. In the first row the expres-
sion 0.127410~7 means that the whole interval [0.127—10~7,0.127+10""7]
was inserted for v.
v C; S; aZMH C. Se a;M_H
0.127+ 1077 | 1.35e+ 11 | 12 | 1.71le — 7 781 12 1 9.91e — 16
0.127 1.35e+11 | 12 | 1.71le— 7 761 12 | 9.66e — 16
0.125 1.02e + 11 | 12 | 4.25e — 8 714 13 | 8.80e — 18
0.1215 6.55e+ 10 | 12 | 3.90e — 9 0.632 13 | 9.42e — 22
0.032 5.0de+4+15 | 12 | 3.64e—7 | 1.19e +5 | 12 | 8.60e — 18
FIGURE 5. Some data from the proof of the existence of apparently at-
tracting periodic orbits for the KS equation. We compare the parameters
describing the far tail, at the start of the proof (subscript ¢) and after the
proof (subscript e). In each case M = 3m. In the first row the expression
0.127 £ 10~7 means that the whole interval [0.127 — 10~7,0.127 + 10~7]
was inserted for v. The numbers are rounded to three significant decimal
digits.
v [a;erU a?:m+1] [a;m+11 a;r.m,+1]
0.127 £ 1077 | —3.947040e — 7 + 2.308717e — 4 % [—1,1] 7.954821e — 5 + 1.464614e — 6 * [—1,1]
0.127 —3.947036e — 7 + 2.308715¢ — 4 x [—1,1] 7.960494¢ — 5 + 1.089191e — 6 * [—1,1]
0.125 2.658711e — 5+ 5.525438¢ — 5 x [—1,1] | —1.563315e¢ — 5 + 1.874870e — 7 * [—1,1]
0.1215 1.536957e — 6 + 7.212824e — 6 * [—1, 1] 2.417373e — 7 + 2.491650e — 9 * [—1,1]
0.032 —8.072115e — 5 4 1.308558¢ — 4 x [—1,1] | —1.141919e — 5 + 1.749282¢ — 7 * [—1,1]

FIGURE 6. Some data from the proof of the existence of apparently attract-
ing periodic orbits for the KS equation. We compare the ai_‘_l in the near
tail at the start of the proof (subscript 7) and after the proof (subscript e).
In the first row the expression 0.127 4= 10~7 means that the whole interval
[0.127 — 1077,0.127 + 10~ 7] was inserted for v. The numbers are rounded
to seven significant decimal digits.
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We also have proved the existence of periodic orbits for v = 0.127, v = 0.125
and v = 0.032, see companion files for more details. There were several objectives
behind these choices of the parameter value. For a given value of v the main
objective always was the minimalization of the computation time, having in
mind that the eventual computer assisted proof of the existence of the symbolic
dynamics, will require the partition of the domain into pieces for the computation
of the Poincaré map.

e v = 0.127. This is a stable symmetric orbit on ygepsr. This case was
done mainly for the comparison with [29]. The speed up factor (taking
into account different speed of the machines used) is around 6.

e v =0.127+[-1077,10~7]. The same orbit as for v = 0.127. We tried to
see how much we can extend the v-interval of the existence of periodic
orbit in single computation. We expected much larger interval of the
diameter around 10~%, but we could not do better than 10~7.

e v =(.125. This is an stable symmetric orbit on yueps. This case differs
from v = 0.127 as follows: here the pair of leading eigenvalues is complex
A1,2 = —0.051 £ 7 % 0.0725, there they were real. This case was the test
for the choice of the good coordinates in case of complex eigenvalues.

e v = (.1215. This is a non-symmetric stable periodic orbit on branch
bifurcating from ypops. Contrary to all other cases this one required
the rigorous integration of the full Poincaré map. Using the previous
approach from [29] this was impossible. It turns out also that the leading
eigenvalue is complex and is approximately equal to —0.041 £ ¢ % 0.312.

e v = (0.032. This is an stable symmetric orbit. This is the parameter
value very close to the range v =~ 0.0291, where the chaotic dynamics
was numerically observed in [3]. This computation required m = 23 and
resulted in the longest computation time per iterate (see Table 3).

12.2. Two exemplary theorems about unstable orbits. Below we
present two exemplary theorems on the existence of apparently unstable periodic
orbits with and without the reflectional symmetry. We use the phrase apparently
unstable to highlight the fact that in numerical simulations it is clearly visible
that the orbit is unstable, but we are not able to prove that.

THEOREM 12.3. Let ug(xz) = 211@1:1 —2ay sin(kx), where ay are given in
Table 7. Then, for v = 0.1215, there exists a function u*(t,z), a classical solution
of (1.8)—(1.9), such that

lug — w*(0, )||r, < 1.4-107%,  [jug — u*(0, - )[|co < 8.9-107*

and u* is periodic with respect to t with period T € 2 - [1.5458,1.5468] and has
the reflectional symmetry R.
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PRrROOF. We check the assumption of Theorem 10.11. a

2.450030e — 01 | a2 1.041504
as 2.450008e — 01 | a4 —2.760777e — 01
as = —4.371381e—02 | ag = 2.531410e — 02

ai

a7 = 6.346057e — 03 | ag = —1.996817e — 03
ag = —6.177255e — 04 | a;p = 1.185220e — 04
ai1 = 95.275889% — 05

TABLE 7. Coordinates of ug — the approximation of the initial condition
for the periodic orbitin Theorem 12.3.

THEOREM 12.4. Let ug(xz) = 211@3:1 —2ay sin(kx), where ay, are given in
Table 8. Then, forv = 0.1212, there exists a function u*(t,z), a classical solution
of (1.8)—(1.9), such that

||U0 - U*(Ov ! )HLQ <26- 10_47 HUO - U*(Ov ’ )”CO <16- 10_4

and u* is periodic with respect to t with period T € [3.1221,3.1222]. Moreover,
this orbit does not have the reflectional symmetry R.

PROOF. We use Theorem 10.10 to obtain the existence of periodic orbit.
To prove that the orbit does not posses the reflectional symmetry R, we
checked that R o Gy, ge, (No ® To) N (No @ Tp) = 0. This check was performed

with computer assistance. 0

a; = 2.608268¢—01 | ay = 1.115112

az = 2.608267e —01 | ay = —3.208590e — 01

as = —4.953884e — 02 | ag = 3.199156e — 02

a7 = 7.802341e—03 | ag = —2.766005e — 03

ag = —8.196012e — 04 | ajp = 1.826998e — 04

a1 = 7.575075e — 05 | ajo = —1.023717e — 05

a1z = —6.157452e — 06

TABLE 8. Coordinates of ug — the approximation of the initial condition
for the periodic orbit in Theorem 12.4.

We have proved the existence of apparently unstable periodic orbits for sev-
eral parameter values.

e v =(.1215. This symmetric orbit belongs to yuopt-
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v

Sym | m

h

order

1) iter

d

comp. time

0.02991

0.1215

0.1212 a
0.1212 s

Yes
No
Yes
Yes

25
13
14
11

le—4 5
de — 4 5
S5e — 4 7
2¢e—3 8

5e—51| 3
2¢—-5| 1
5e—5| 1
le—4| 2

12
12

9
10

600 sec
185 sec
190 sec

18 sec

TABLE 9. The parameters used in the proofs of the existence of apparently
unstable periodic orbits for the KS equation. The Sym column tells whether
the periodic orbit has the reflectional symmetry R, iter contains the number
of iterates in the algorithm required to fulfill assumptions of Theorem 10.10
or 10.11, (comp. time) — the computation time for one iterate on 3 GHz
Linux machine. d is the number coordinates in the diagonalization of the
Poincaré map. For the meaning of other columns see the text.
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14

period

Ly

H,y

CO

Cl

0.02991
0.1212 a
0.1212s | 2-
0.1215 2.

2.

0.449023, 0.449067)]
3.12211,3.12219)
1.58136, 1.58192]
1.54587, 1.54679)]

6.9e — 04
2.6e — 04
5.8e — 04
1.4e — 03

4.4e — 03
7.5e — 04
1.9¢ — 03
4.1e — 03

7.0e — 04
1.6e — 04
4.0e — 04
8.7e — 04

4.4e — 03
5.1e — 04
1.38¢ — 03
2.8¢ — 03

TABLE 10. Some data from the proof of the existence of apparently un-
stable periodic orbits for the KS equation. The columns Lo, Hy, C°, Ct
contain the estimate on the distance in the corresponding norm, between
the center of Pp, (N @ Tp) and the periodic orbit.

v

&

Si

+
A v

Ce

Se

+
ae,M+1

0.02991

0.1212 s
0.1215

0.1212 a

9.23e + 15
7.26e + 10
5.35e + 10
1.3le+11

12
12
12
12

2.48e — 07
4.32e — 09
1.34e — 09
5.51e — 08

7.66e + 05
0.866
0.224

146

13
13
14
13

2.71le — 19
1.29e — 21
3.02e — 24
1.83e — 18

TABLE 11. Some data from the proof of the existence of apparently un-
stable periodic orbits for the KS equation. We compare the parameters
describing the far tail at the start of the proof (subscript i) and after the
proof (subscript e). In all cases M = 3m. The numbers are rounded to
three significant decimal digits.

L

0.1212. For this parameter value we have proven the existence

of three different periodic orbits. A pair on non-symmetric orbits (one is

obtained from another by the application by R) and the symmetric one.
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v [a;7vz+17 a:md»l] [a’;m+1‘r a‘:,m+1]

0.02991 | —3.576929¢ — 05 + 7.912748e — 05 * [—
0.1212 a 1.611572¢ — 06 + 7.856836e — 06 * [—1,1] 4.285918e — 07 + 6.233822¢ — 09 *
0.1212 s 3.098196e — 07 + 2.554750e — 06 * [—
0.1215 4.528402¢ — 06 + 7.478529¢ — 05 * [—

1,1] | —1.403123e — 06 + 3.789903¢ — 08

—1.1]

[717 1]
1,1] | 2.533126c — 07 + 1.948557c — 09 * [—1, 1]
1,1] | —5.638356e — 06 -+ 3.676028¢ — 07 * [—1,1]

TABLE 12. Some data from the proof of the existence of apparently unsta-
ble periodic orbits for the KS equation. We compare the a?fH_l in the near
tail at the start of the proof (subscript 7) and after the proof (subscript e).
The numbers are rounded to seven significant decimal digits.

The non-symmetric orbits apparently belong to the chaotic attractor,
while the symmetric does not.

e v =0.02991, this the parameter value considered in [3]. The orbit is on
the chaotic attractor.

12.3. Final comments. Tables 5, 6, 11 and 12 show how much the tail has

improved during the computation and this is the basic reason why the method

proposed here is so much better than the one from [29]. When we compare the

initial tail with the tail at the end of the proof we see the improvement of several

orders of magnitude (2-3 orders for diameter of a,,+1 and much more for the

far tail). This results and is also a consequence of the significant decrease of the

Galerkin projection errors, which is due to the fact that we allow the tail to

evolve and the Galerkin errors are computed locally, while in [29] the tail was

fixed and the Galerkin errors were computed globally.
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