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Abstract

In this paper, we introduce a general constructive method to compute solutions of initial value
problems of semilinear parabolic partial differential equations on hyper-rectangular domains
via semigroup theory and computer-assisted proofs. Once a numerical candidate for the
solution is obtained via a finite dimensional projection, Chebysheyv series expansions are used
to solve the linearized equations about the approximation from which a solution map operator
is constructed. Using the solution operator (which exists from semigroup theory), we define an
infinite dimensional contraction operator whose unique fixed point together with its rigorous
bounds provide the local inclusion of the solution. Applying this technique for multiple
time steps leads to constructive proofs of existence of solutions over long time intervals.
As applications, we study the 3D/2D Swift—-Hohenberg, where we combine our method with
explicit constructions of trapping regions to prove global existence of solutions of initial value
problems converging asymptotically to nontrivial equilibria. A second application consists of
the 2D Ohta—Kawasaki equation, providing a framework for handling derivatives in nonlinear
terms.
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1 Introduction

Studying global dynamics and global existence (forward in time) of solutions of higher-
dimensional semilinear parabolic partial differential equations (PDEs) is a central problem
in mathematics. Perhaps the most striking example is the famous millennium prize problem
which raises the question of global existence of solutions of initial value problems (IVPs)
in the three-dimensional Navier—Stokes equations [1]. From the perspective of dynamical
systems and as made clear from the pioneering work of Poincaré on the three-body problem
[2], to understand the global dynamics of a given nonlinear differential equation, it is crucial
to grasp the existence of asymptotic objects such as equilibria, periodic orbits and connections
between them. This is especially true for parabolic PDEs modeling phenomena in material
science, spatial ecology and fluids mechanics, where patterns arise as asymptotic limits,
often within global attractors, of solutions of initial value problems. For all its importance
and popularity, the problem consisting of understanding the global dynamics of a given PDE
is a notoriously difficult task since the model is nonlinear and naturally lead to the notion of
an infinite dimensional dynamical system.

In this paper, we introduce a constructive method to solve rigorously initial value problems
of scalar semilinear parabolic PDEs of the form

ur = (o + 1A+ AAMu + AP N (u) (1.1)

where p € {0, 1} and N is a polynomial satisfying both N(0) = 0 and its Fréchet derivative
DN (0) = 0, and we provide a computational framework to show that solutions exist globally
forward in time. While in this work we focus on the scalar case, that is u = u(t,x) € R,
extending our method to systems (i.e. when u = u(z, x) € R") should be rather straight-
forward, the main limitation essentially being the computational cost. Given a dimension
d € {1, 2,3} and domain sizes Ly, ..., Ly, we assume that the domain of the Eq. (1.1) is
given by the hyper-rectangular domain

d
def T d
Q=[]|-—. —|cRr
, [ L;j LJ}C
Jj=1

which we supplement with periodic boundary conditions. In other words, the geometry of
the domain on which we solve the PDE (1.1) is the d-torus T¢. It is worth mentioning that
one case of the Navier—Stokes millennium prize problem considers the model defined on
the domain T3. The parameters Ao, A1, A2 € R in (1.1) are chosen so that the equation
is parabolic. The assumption of the PDE being semilinear implies that the degree p of the
Laplacian in front of the nonlinear term N is less than the one of the differential linear operator
*o + A1 A + A A% While slightly restrictive, the class of equations (1.1) includes many
known models including the Swift—-Hohenberg, Cahn-Hilliard, Ohta—Kawasaki and phase-
field-crystal (PFC) equations. Moreover, to simplify the presentation and the computations,
we impose the even symmetry u(f, —x) = u(t, x) on the solutions. Note that our approach
can readily be adapted to the case of odd boundary conditions u (¢, —x) = —u(¢, x) or to the
general case of periodic boundary conditions without symmetries.

The general method that we introduce in this paper falls in the category of computer-
assisted proofs (CAPs) in nonlinear analysis and dynamical systems.

As exemplified by the early pioneering works on the Feigenbaum conjectures [3] and
on the existence of chaos and global attractor in the Lorenz equations [4—6], and by the
more recent works on Jones’ and Wright’s conjectures in delay equations [7, 8], chaos in
the 1D Kuramoto-Sivashinsky PDE [9], instability proof in Poiseuille flow [10], bifurcating
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solutions for 3D Rayleigh—Bénard problems [11], equilibria in the 3D Navier—Stokes (NS)
equations [12], solutions of NS on unbounded strips with obstacle [13], 3D gyroids patterns
in materials [14], periodic orbits in NS [15], blowup in Euler equations on the cylinder [16]
and imploding solutions for 3D compressible fluids [17], it is undeniable that the role of CAPs
is starting to play a major role in the analysis of differential equations, dynamical systems
and PDEs. We refer the interested reader to the book [18] and the survey papers [19-21] for
more details.

Due to the interest in understanding global dynamics in semilinear parabolic PDEs and
perhaps motivated by the Navier—Stokes millenium problem, it is not surprising that devel-
oping CAPs techniques for initial value problems has been a rather active field in the last
twenty years. Examples consist of the topological method based on covering relations and
self-consistent bounds [9, 22-26], the C! rigorous integrator of [27], the evolution operator
and semigroup approach of [28-31], Nakao’s projection method [32], the finite element and
self-consistent bounds approach [33], the fully spectral Fourier—Chebyshev approach [34],
the Chebyshev interpolation in time method [35] and the finite element discretization based
approach of [18, 36].

To the best of our knowledge, all the above methods (expect [28] which considers 2D
examples) have focused on PDEs defined on one-dimensional domains. Our contribution
here is the presentation of a general constructive method to compute solutions of IVPs for
higher-dimensional semilinear parabolic equations via semigroup theory, a method which
can then be used to prove rigorously global existence (in time) of solutions. Our approach
begins by using the periodic boundary conditions on €2 and expand solutions of (1.1) with
Fourier expansions in space leading to an equivalent infinite-dimensional system of ordinary
differential equations of the form

a@) = f(a(®)), t>0

whose phase space is given by a Banach algebra of Fourier coefficients endowed with analytic

. . . L def s
norms. For a given time step 7 > 0, solving an IVP on a time interval J ‘= (0, t] with initial
condition a(0) = ¢ reduces to find a zero of the map

F(a@) = (a@) — f(a(),a0) —¢), tel.

Using a finite dimensional projection of the map F, we compute a numerical approxima-
tion a(t) of the IVP using Chebyshev series expansions in time, that is F(a(t)) ~ 0. We
then develop estimates to obtain CAPs for the existence of the solutions of the linearized
equations about the approximation a(¢) from which a solution map operator is obtained.
While semigroup theory (cf. [37], e.g.) guarantees the existence of the solution operator, our
computational and rigorous construction provides an explicit control over this operator, a
feature which is new in the context of higher-dimensional PDEs. Using the solution operator,
the linear operator D F'(a(t)) is inverted “by hand" and then used to define the Newton-
like operator T (a(t)) = DF@a@))""(DF@@))a@t) — F(a(®))). Constructing explicit and
computable estimates, and using the time step t to control the contraction rate, we derive a
sufficient condition in the form of a polynomial inequality to demonstrate rigorously that T
is a self-map and a contraction on a ball centered at a(¢) in an appropriate Banach space of
time-dependent Fourier coefficients. The unique fixed point together with its rigorous bounds
provide the local inclusion of the solution. Applying this technique for multiple time steps
leads to constructive proofs of existence of solutions over long time intervals and, when com-
bined with explicit constructions of trapping regions, can be used to prove global existence.
While our computer-assisted approach is an extension of the works [28, 30, 31, 38] to the
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case of higher-dimensional semilinear evolution equations, we believe it provides nontrivial
contributions.

First, we believe this is the first time that CAPs techniques are used to prove global
existence of solutions of three-dimensional PDEs with initial conditions far from equilib-
rium. Second, the evolution operator approach presented here is generalized to PDEs with
derivatives in the nonlinear terms, which is made possible thanks to the introduction of
geometric weights in the Banach algebra. Third, the smoothing property of the evolution
operator controls wrapping effects, allowing the method to be applied for multiple time
steps to get existence of solutions over long time intervals. Last by not least, the semigroup
approach provides a cost-effective way to generalize our approach to multi-steps (or domain
decompositions). More precisely, solving the linearized problems at each step can be made
a-priori and independently (i.e. the process is naturally parallelizable), which implies that
the computational cost is additive in time rather than multiplicative.

The paper is organized as follows. In Sect. 2, we introduce the fixed point operator 7 whose
fixed point provides a solution to a given initial value problem. The operator T requires invert-
ing the linearization about the numerical solution, which is done in Sect. 3, where we construct
the evolution operator via a solution map of the linearized problem. In Sect. 4, we generalize
our method to a multi-step approach by considering a coupled system of the zero-finding
problem over multiple time steps. In Sect.5, we propose a strategy to demonstrate global
existence of solutions to IVPs via the mechanism of convergence towards an asymptotically
stable equilibrium solution. This approach is exemplified by the application of the Swift—
Hohenberg equation, illustrating the efficacy of computer-assisted proofs of global existence
for higher dimensional PDEs. Section 6 is devoted to presenting the result using our rigorous
integrator for IVPs of the 2D Ohta—Kawasaki equation, in particular addressing the handling
of derivatives in the nonlinear term.

2 Newton-Like Operator to Solve Initial Value Problems

In this section, we consider an initial value problem (IVP) associated to (1.1), that is

{m:uo+MA+MA%w+Nwwyr>o,er, on

u(0, x) = up(x), x e,

where 1 (x) is a given initial data. Supplementing the PDE with periodic boundary conditions
with the even symmetry u (¢, —x) = u(¢, x) implies that the unknown solution of the IVP is
expanded by the Fourier series in space variables

u(t, x) = Y ap(p)etbatothakaa g = gy 2.2)
kezd
where k = (ky, ..., kg) and x = (xq, ..., xg). The symmetry assumption on u implies that

the function u is represented by the cosine series

u(t,x) =) agag(t) cos(ki Lix1) -~ cos(kaLaxa),
k>0

def

with ag = ag, g, = 2510 ... 2%0,
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where §; ; is the Kronecker delta function. From now on we always assume that a; = a
holds for all k € Z¢ from the cosine symmetry and use the notation of the component-wise

absolute value, that is [k| = (k1. . . ., lkal).

Remark 2.1 Boldface characters will be used throughout this paper to denote multi-indices,
withk = (ki, ..., kg) representing (non-negative) integers kj for j = 1, ..., d. Furthermore,
component-wise inequalities are used such that k < r denotesk; < nj forall j =1,...,d.
Similarly, the notations k < n, k > n, and k > n mean component-wise inequalities.

Plugging the Fourier expansion (2.2) in the nonlinearity A” N (u) of the general model
(1.1) results in
APN(u) = Z 14 (kL)q/\/k(a)ei(k'L1x1+"'+k"de"), 2.3)
kezd
where g = 2p € {0, 2} and

def 1/2
KLY (ki L)2+ -+ (kaLa)?)' "

a = (ag)k>0, and Ng(a) is a nonlinear term involving discrete convolutions of a such that
Ni(a) = Ng (@), Ni(0) = 0 and DN (0) = 0.

Plugging the Fourier series (2.2) into (1.1) and assuming (2.3) holds, we obtain the
following general infinite-dimensional system of ordinary differential equations (ODEs)

ax(t) = pgar () +i9 kL)Y Ny (a(t)), t>0 24
where
sk = ho = M(kL)* + hao(kL)*
is determined by the linear term Ao + A1 A + A3 A2 of (1.1).

Our goal is to determine the time-dependent Fourier coefficients a(t) déf(ak(t))kzo
that solve (2.4) with an initial condition a(0) = (¢x)k>0. The function a(¢) will then
provide, via the Fourier expansion (2.2), the solution of the IVP (2.1) with ug(x) =
Zkzo appr cos(kiLixy) - --cos(kgLgxg).

Before considering the infinite-dimensional problem, we explain how to obtain a numerical
approximation of a(¢) via a finite-dimensional truncation of the ODEs (2.4). To this end, we
define a finite set of indices of “size N = (Ny,..., Ng)” as Fy déf{k >0:k < N}. We
note that Fy = Fy, x --- x Fy,, where FNJ, déf{kj >0:kj <N;j}={0,...,N; —1}.

Truncating (2.4) to the size N, we fix a step size T > 0 and numerically solve the following
truncated NN - - - Ng-dimensional IVP

{dk(f) = piak(t) + i (kL) Ny (a(1)), 1 € (0, 7],

(k € Fy). (2.5)
ar(0) = ¢k,
The numerical solution of (2.5) is denoted by (C_l,(cN) (t))keFy and has Fourier expansion

aM™M, x) = Z axa™ (1) cos(ki L1x1) - - - cos(kgLaxg).
kEFN

Moreover, we assume that é,(CN) (t) is a polynomial given by

n—1
a0y = a0k +2 ankTu(), (2.6)
=1
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where Ty is the £-th order Chebyshev polynomial of the first kind defined on [0, 7] and n

denotes the size of Chebyshev coefficients. To get the coefficients (@ x)o<¢<n, We use a

keF, N
standard Chebyshev interpolation technique (see Appendix A for more details).

Using the numerical solution (2.6), we define an approximate solution ag (¢) of (2.5) as a
natural extension of (&,(CN) (t))keFy, thatis

~(N)
F
def{ak (), keFn @7

w® =1 k¢ Fy.

Remark 2.2 (Choice of basis functions) It is worth noting that by focusing our analysis on
PDEs defined over hyper-rectangular domains with periodic boundary conditions, the use of a
Fourier expansion in space is a natural choice. Extending this to alternative spatial expansions
would require a non-trivial generalization, which lies beyond the scope of this work. On the
other hand, we chose to solve the finite-dimensional IVP (2.5) using a Chebyshev expansion
in time due to the favorable approximation properties of Chebyshev polynomials and our
positive experience with them. However, other expansions, such as Taylor series, could also
be employed to solve (2.5).

2.1 Function Space and Banach Algebra

Having introduced the finite dimensional IVP (2.5) together with the representation of its
numerical approximation (2.6) expressed as a finite linear combination of Chebyshev poly-
nomials, we are now ready to introduce several function spaces to validate the numerical
approximation (2.7).

Let us define a Banach space of multi-index sequences as

1 def . def
6, = {a=(ar=0:a €R, llalo=)_ laxlog < 400 { , (2.8)
k>0

where the weight wy for k > 0 is defined by
op L agvfitthe e >, 2.9)

The choice of the weight in (2.9) is to ensure that E}U is Banach algebra under the discrete
convolution, that is

la*bllo < llallollbllo

holds foralla, b € ¢ Llo, where the discrete convolution of a and b is defined by

def
@*b) S D by (2.10)
ki+ky=k
ki,krez?

Denote the time step J = (0, t] for the fixed step size T > 0 and define a function space
of the time-dependent sequences as C(J; Z}U), which is the Banach space with the norm

def
lall = sup lla®)]lo- @.11)

teJ
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The operator norm for a bounded linear operator B from ¢! to ¢! is defined by

1Bl oot & 1Bl
B(,) =

¢egl\{0 ||¢||a)

We also introduce subspaces of all multi-index sequences denoted by

1 def def
¢, a= @0 a €R, llalo—g = la kl—w <+oot,
k>0

1o = max(1, max_[k;).
Jj=

.....

Note that these subspaces are also Banach spaces, but are not Banach algebras under the
discrete convolution. In addition, Zl = Zl 0 (g =0).

2.2 The Zero-Finding Problem for the Initial Value Problem

To solve rigorously the infinite-dimensional set of ODEs (2.4) on the sequence space (2.8),
let us define three operators as follows. First, define £ : D(L) C £}, — ¢! to be a densely
defined closed operator acting on a sequence ¢ = (¢)k=0 as

LoV pxdr = (o — M (KL)? + Ao (kL)) .

where the domain of the operator £ is defined by D(£) = def { ¢ = (Prlis0: LP el 610 } Second,

define Q : ZC]U — /¢ C]U’_ q 0 be a multiplication operator acting on a sequence ¢ = (Pr)k>0 as

def
(Q¢)k = i (kL) g
Third, define N : ¢} — ¢} to be a Fréchet differentiable nonlinear operator acting on a
sequence ¢ = (¢g)k=0 as

def
N (@) = Ni(9),
which depends on the nonlinear term of the target PDE, and satisfies A'(0) and DN (0) = 0.
Hence, for any fixed ¥ € E}o, there exists a non-decreasing function g : (0, c0) — (0, c0)
such that

IDN @)@l < gAY l)@llo. Ve € £, (2.12)
Using the above operators, we define a zero-finding problem whose root provide a solution
of the ODEs (2.4) with initial condition ¢ € €} Let X < C(J; ¢L), Y€ C(J5 €}, _) and

DdefC (J; D(L)N C! ((O, 7); Zi)) NCJ; Ew). Note that X is the Banach space with the
norm defined in (2.11). The map F acting on a € D is defined by
F@) ¥ @G- La—QN(a), a(0) —g) e ¥ x €] (2.13)

We find it convenient to denote the first and second components of (2.13) respectively by
(F(a))1 = a—La— QN (a)and (F(a))2 = a(0) — ¢. From the above construction, solving
the initial value problem (2.1) reduces looking for the solution of the zero-finding problem
for the map F given in (2.13).
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Asiitis often the case in nonlinear analysis, the strategy to prove existence (constructively)
of a solution of F = 0 is to turn the problem into an equivalent fixed-point problem, which
we solve using a Newton—Kantorovich type theorem. The idea is to look for the fixed point
of a Newton-like operator of the forma +— a — DF (@)~ F(a), where DF (@) is the Fréchet
derivative of the map F at the numerical approximation a given component-wise by (2.7).
This construction is done next.

2.3 Exact Inverse of the Linearization and Definition of the Newton-Like Operator

To use a Newton-like operator to validate the root of F, we consider first the Fréchet derivative
of the map F at a defined in (2.7). For any & € D, the Fréchet derivative is given by

DF(a)h = (h — Lh — QDN (@)h, h(0)), DF(@ :DC X — Y x£), (2.14)

where DN (a) is the Fréchet derivative of \ at a.
To construct the inverse of D F(a), consider (p,¢) € ¥ x £ i) and note that the unique
solution of DF (a)h = (p, ¢), that is of the linearized problem

h—Lh— QDN @h = p, h0)=¢ (2.15)

is given by the variation of constants formula

t

h(t) = U(t,O)d)—i—/ U(t, s)p(s)ds. (2.16)
0

In the previous formula, {U (¢, ) }o<s</<r denotes the evolution operator (cf. [37]) defined
by a solution map of the first equation with p = 0 in (2.15). More precisely, we consider an
initial value problem which is represented by

b(t) = Lb(t) + QDN (@)b(t), b(s) =, (t>s), 2.17)

where ¢ € E}U is any initial data. Here s is also a parameter since the evolution operator
U(t, s) is a two parameter family of bounded operators. We define the evolution operator by

U, s)¢p défb(t) for 0 < s < ¢, where b is the solution of (2.17). Furthermore, it is known
that the evolution operator satisfies the following properties:

(i) U(s,s) = Id (identity operator) and U (¢, r)U(r,s) = U(t,s) for0 <s <r <t <t
(i) (z,s) — U(t, s) is strongly continuous for0 < s <t < t.

We show how to construct rigorously the evolution operator in Sect.3.1. Assuming that
this is done, the formula (2.16) gives us the inverse of D F(a) via the formula

def

t
DF@) Y (p, ) = U, 0)p +/ U(t,s)p(s)ds. (2.18)
0

Using the explicit expression for DF(a)~!, we define the Newton-like operator by

def

T(a)= DF(@@) ' (DF(@a—F@)), T:X — DC X. (2.19)

Remark 2.3 The Newton-like operator defined in (2.19) seems to be defined only on D C X
by the formulaa — a — DF(a)~'F(a), but it can be defined on X using the following fact:

DF(a)a — F(a) = (QN(a) — QDN (@)a, ¢) € Y x £,
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where the linear part including derivatives is canceled out. From the property of DF(a)~! :
Y x Ei) — D, a fixed-point, say a, of T satisfies a € D. Combining this fact with the
continuous property of the evolution operator, the resulting zero of the map defined in (2.13)
also satisfies @ € C([0, t]; £)).

Remark 2.4 The inverse map DF (@)~ ! restores the smoothness of the solution. To demon-
strate the recovery of smoothness from Y to X, letting¢ =0and p = Q¥ € Y (¢ € X) in
(2.18), one can show the inverse map denoted by

t
(DF@~" (Qy,0)) (1) = / U, s)Qy (s)ds
0
is bounded in X. By using the uniform control of the evolution operator given in (3.2), which
is constructed in Sect. 3.1, it follows that
1—y Sy

¢
IDF@~" (Qy,0) < sup/ 10t QY () lods = ———ly] < +o0.
teJ JO -V

Moreover, it is obvious that the function b satisfying (2.15) belongs to both C (J; D(L))
and C! ((0, 7); Z}U) This fact yields the smoothing recovery of the inverse map DF (a)~! :
Y x ¢} — D.

Remark 2.5 Tt is also worth mentioning that there is another natural way of obtaining the
operator T directly considering the IVP written by

a(0) = .

Using the evolution operator, it follows that

{a — (L4 ODN(@))a = QN (a) — DN (@)a)

def

t
at) =(T@)@) =U(,0)¢ —|—/(; U(t, s)QWN (a(s)) — DN (a(s))a(s))ds,
and this formulation directly makes sense on X.

Now that the Newton-like operator T is defined, the remaining task in validating the local
existence of a solution of F = 0 given in (2.13) is to show that 7 : B;(a, o) — Bj(a, 0) is
a contraction mapping, for some ¢ > 0, where

_ def _
Bj@, 0 ={aeX:lla—al <o}. (2.20)

Note that B (a, o) C X is the ball of radius o in X centered at the numerical approximation
a(t) = (ax(t))k=0 € X defined in (2.7).

3 Rigorous Integration of Initial Value Problems

In this section, we provide a numerical method to validate the solution of the zero-finding
problem defined in (2.13). The main theorems for this method are based on Theorem 3.2 in
Sect. 3.1 and Theorem 3.15 in Sect. 3.2. The techniques presented here are closely related to
the work in [30].

First, in Sect. 3.1, we obtain a uniform bound for the evolution operator over the simplex

Sy dg{(t, s) : 0 < s <t < 1}, which is presented in Theorem 3.2 (and Corollary 3.4). More
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precisely, by setting two initial data for (2.17) as b(s) = ¢ and Q¢ € £/ we obtain two

w,—q’

computable constants WSy, W,f 7 > 0 such that

bl = sup (U, $)dllo < W5 |plln, Vo et 3.1)
(t,8)€Sy

by & —5) wS vy e ¢! 32

6]l = sup. t =) U, $)QV |l <W o Y llw, Vi ell, (3.2)
(t,5)eSy

where y € (0, 1) is a parameter to be determined in Sect.3.1.2. If ¢ = 0 in the target ODEs
(2.4), one can take y = 0, resulting in WS/ = W(;S 7 Note that the bound (3.2) simply shows
that by introducing the weight (f —s)? in time, the loss of regularity in space is compensated
by the evolution operator. See also Remark 2.4.

Second, in Sect. 3.2, the above computable constants WSJ and Wf 7 are used to bound
the action of the linear operator D F (@)~! (see Lemma 3.13). This control is then used to
verify that the Newton-like operator (2.19) has a unique fixed point in By (a, o), as defined
in (2.20). This yields a rigorous validation of the local existence of the solution to the IVP
(2.1). This result is formalized in our second main theorem, Theorem 3.15, which provides
a hypothesis guaranteeing the local existence of the solution to the zero-finding problem in
(2.13). This hypothesis can be numerically verified using interval arithmetic. Therefore, in
the present method, we numerically confirm that the hypothesis holds, thereby validating the
solution of the zero-finding problem.

3.1 Explicit Uniform Bounds of the Evolution Operator

In this section, we introduce explicit uniform bounds for the evolution operator. We present
an explicit computable formula (see Equation (3.18)) for the bound W,}S T satisfying (3.2)
(see Theorem 3.2). Then, in Corollary 3.4, we also present an explicit formula (see
Equation (3.28)) the bound wSs satisfying (3.1).

Remark 3.1 While the theoretical existence of the evolution operator U(z,s) is well-
established (cf. [37, Section 5.6, Theorem 6.1]), obtaining a rigorous enclosure of its action
for a given 7 is difficult in practice. In practical computations, for a specified a and 7, an
explicit and rigorous bound on U(¢, s) is achieved first by employing computer-assisted
proofs to solve a finite dimensional projection of the linearized problem (2.17) and then by
using theoretical estimates on the tail. This methodology yields the uniform bounds (3.1) and
(3.2), used to solve the Cauchy problem.

Letm = (my,...,mg) > 0 be a size of the finite set F,,, where we suppose that each
component m; is small such that m < N. We define a finite-dimensional (Fourier) projection
o el — ¢l actingon ¢ € £} as

(m) def or (k€ Fp)
(H ¢)k - {o (k ¢ Fp). G-

We denote ¢™ & [7m g ¢ ¢l and ¢ € (1d — T™)¢ € ¢1. Thus, any ¢ € €. is
uniquely decomposed by ¢ = ¢ + ¢,

We decompose b € X in (2.17) into a finite part »*™ and an infinite part 5> using
the Fourier projection defined in (3.3), we construct the solution b. In the followings, two
initial conditions are considered, that is b(s) = ¢ and b(s) = Q, but only the case of
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b(s) = Qy is presented, because the other case is derived as a corollary to the presented
case. For this purpose we consider yet another Cauchy problem with respect to the sequence

c(t) = (cr(t))r>0-

¢ = £ 4 Mo pN (@)™ (3.4)
¢ = £ 4 (1d — T™)QDN (@)c> (3.5)

with the initial data ¢ (s) = Qy™ and ¢ (s) = Q¥ ). We remark that one
can independently separate these system into the finite part and the infinite part. So
we define the solution operator of (3.4) by extending the finite dimensional fundamen-

tal solution matrix C™ (¢, s) def (C,({mj (t,s) "

)k,jeF,,, satisfying ZjeFm C,(w. (t,)(Qy); =
cx(t). Similarly, the solution operator of (3.5) is defined by using the solution map
C)(t, 5)Qy ™ déf(ck(t))k¢pm for (z,s) € S;. We extend the action of the operator
C(’”)(t, s) (resp. C®)(t,5))on Z}U by introducing the operator U™, s) (resp. U, s5))
given by

} (m) (m)

(0@ 99) & [(()C 20 Elzi ; im; oo
7(00) def O (k € Fp)

(0¢0) = [(C<°°><r, 9y (k¢ F). o

At this point, the existence of the operator C (00) (t, s) is not guaranteed, but will be verified
via a method of rigorous numerics for the fundamental solution matrix introduced in Sec 3.1.1
and via an analytic approach for the evolution operator in Sec 3.1.2, respectively. Using the
solution operators (3.6) and (3.7), we present the solutions of (3.4) and (3.5) as

™M)y = U™, 5)Qy™
(%) () = [](00)(;! s)Qlﬁ(oo).

Returning to consider the solution b(¢), the solutions of (2.17) is represented by using the
Fourier projection

b = £pm 4 [1m QPN (a)b
b = £b>) 4 (1d — IT™)QDN (@)b.

Here, from the variation of constants, we have

bm = £pm 4 1M QDN (a)b
b = £b® 4 (Id — T™)QDN (@)b

o [p™ = o —mmapN@H™ = 1™ QDN @B
b1 — £b) — (1d — T™)QDN (@)b*) = (1d — T™)QDN (@)b™
t
B™ () = 0™ (1,5)Qu™ + f 01, ryIT"™ QDN @(r)b ™ (r)dr
= '
b (1) =T (1, 5)Qp ) + / 01, r)(Ad—11") QDN @(r)b™ (r)dr.
s (3.8)
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By using this formula (3.8), the following theorem provides a sufficient condition (see

Eq. 3.17) under which we have an explicit formula for the uniform bound of W,}S T satisfying
(3.2).

Theorem 3.2 Let (t,s) € Sy and a be fixed. Let m > 0 be the size of the Fourier projection
such that py < 0 holds for k ¢ Fy,. For such m > 0, define ji, as

def
= 3.9
Mk zﬁ%’,ﬁ, {1r} (3.9)

and assume that there exists a constant W;,? % > 0 such that

sup

0™, 5)00™ | < W I ™, V¥ et (3.10)
(t,5)€Sy @ ’

Assume also that U®)(z, s) satisfies

HL_/(OO)(t,s)Qllf(oo) Hw < WO, )Y, Vi €Ll G.11)
'y :Sj
Moreover, let us assume the existence of constants WOo q >0, W cog = 0, Woo,q >0
satisfying
sup (£ — )Y WS, s) < W/, (3.12)

(t,5)€Sy

t t
sup (r—s)V/ W (r,5)dr,  sup (z—s)V/ W, rydr < Wi,
A N

(t,5)€Sy (t,5)€Sy
t r
sup (t —s)” / / W (r, o) (0 —s) 7 dodr, (3.13)
(I,S)ESJ
sup (¢t — s)V/ W(OO)(I r)/ (0 —s) Vdodr < Wooq, (3.14)
(t,5)€Sy s
respectively. Assume also the existence of two constants &;, . and 3, J m Such that
sup Hm"“DN(a(t))(Id - 17"'”)” <&l (3.15)
reJ B(t,,) '
sup H (d — T™)DN (@ (1)) 1™ H <el (3.16)
reJ B(t},) '
hold for each t € J. Then, if
=S AT W €L > 0, (3.17)

a uniform bound of the evolution operator U(t, s), that is quj > 01in (3.2), is obtained by

W, W;Equ 4 )
S; S
Wm»JCI Wocuj,qggo,m Woo,q

where || - ||| denotes the matrix 1-norm.

S def

w, P (3.18)

1
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—S =S . L .
Note that the bounds W Ooj . and W, q become smaller if an appropriate size of the Fourier
o . . =Sy . .
projectionm > 0 is chosen. In particular, the fact that W q canbe made small by increasing

m helps insuring that condition (3.17) of Theorem 3.2 is satisfied. This can be intuitively
understood from the following simplified case: if we assume W,;oo) (t, s) ~ eM*=3) (where

JR— :S
s 18 defined in (3.9)), then W‘osoj’q ~ 1/|p«| and Wooj’q ~ l/ui hold. Therefore, as the
absolute value of 1, become large, it is more likely that condition (3.17) will be satisfied.

Remark 3.3 Theorem 3.2 asserts that there exists the evolution operator {U (¢, s)}o<s</<r
on ZLIU and it is uniformly bounded in the sense of (3.2) over the simplex S;. The specific

. . S; iy (00) S, =Ss =Sy :
bounds, including the Wy, W, (2, 5), Wes g Woo’q, and Woqu bounds, are presented in

the following sections of the paper. The W,f 7, bound is discussed in Sect. 3.1.1 via rigorous
numerics for the fundamental solution matrix of (3.4). The Wq(oo) (t, s) bound is presented
in Sect.3.1.2 considering the solution map of (3.5). The remaining bounds are presented in
Sect. 3.1.3. Additionally, the S,{lm and Sojo’m bounds are determined for each case. These
bounds are further introduced in Sect. 5.3.

Proof Taking the Eclo norm of (3.8), it follows from (3.10), (3.11), (3.15), and (3.16) that

o, =
w

t
R | T
5

t
[p0| sweoas v el /S W) |p™ )| ar. (320
Plugging each estimate in the other one, we obtain
a-or pmol,

<=5 Wt

t
ool el |
s

)| ar

s
S =)Wy,

o)
t r

+W,f{q8$,m(t—s)yf (W,§°°>(r,s) Hw(“’) me;m/ W (r, 0) Hb(”’)(o)de0> dr
s s

S
@D

ym H FWSITWS gl Hw(“’) H cwS W gl el Hb("’) H
%) 1) ’ X

m,q "’ 00,q“m,00 m,q "’ 00,q “m,00“ 00

and

oo o,

’b(m)(r)

t
< (=) WP, s) Hl//<°°>Hw+5goqm(t—s)V/ W, r) dr

N

<@ =)W, s) Hw(m) Hw

t r
welua=o [ weoen (wiy ]+l [ o) o )ar
A N

m,q

< (=5 W) |9 Hw Wit Wl o | 9™ Hw

—Sy
+ WELW oo g oo

00,q “m,00

b ” x’
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Since k = 1—W,,‘?’£]W SJ &L

So.m > 0holds from the sufficient condition of the theorem,

X norm bounds of 5™ and b(oo) are given by

™ Winty |9y + Wing Wt g i |9

(m) ’ ) , , ®
o], < p (3.21)
Hb<00)H 00‘1”‘/’(00)” +W"§jq o€ m”‘p(m)H (322)
x = P .
Finally, we have
(m) (00)
ol < o]+ o]
= [(Bfo)l,
16
_ o r:vg,f;; Wi Wos £ oo (H ym | )
erquocf,qggo,m Wo‘zj,q ” (o0 )”
< W ¥ lo-
O

Corollary 3.4 Under the same assumptions in Theorem 3.2, assume that U %) (t, s) satisfies

|09 0.6 < WO 91, Vo e, (3.23)
w
P JE— —/S
Assume also that there exists W& > 0, Wfo" >0, W;i{q >0, Woojq > 0 satisfying
sup W(t,5) < WS/, (3.24)
(t,5)€Sy
t
sup / W (. s)dr < ng, (3.25)
(t,5)€Sy Js
swp [ W rdr < W (3.26)

(t,8)€Sy Js
t r

sup f/WfO)(r,a)dodr, sup W(°°>(t r)(r—s)dr<W (3.27)
o

00,g°
(t,8)€Sy (t,)€Sy Js

respectively. Then, taking i ey W,f JqW 5 I & the uniform bound WSJ > 0 in

00,4 “m,00~00,m’
(3.1) is given by

def

wSIE Py (3.28)

S S J
W WL Wl el
WS W/S’ & ws

oo, m

1

The proof of this corollary and each bound are presented in Appendix C. We only note

here that £ > 0 holds under the same assumptions as in Theorem 3.2. This result follows
—Sy —Sy

from the inequality & > « (> 0), which is confirmed by the relation W, , < W, , in

general (see (3.46) in Lemma 3.12 and (C.3) in Lemma C.2 for their explicit definitions).
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3.1.1 Computing W,‘,?,’q: Rigorous Numerics for the Fundamental Solution Matrix

Here, we start explaining how we get the W,‘,? 7, bound in (3.10). The method presented here
is mostly standard for computer-assisted proofs and is closely connected to that dicussed in
[30].

From (3.6), the uniformly bounded evolution operator {U (¢, 5)}o<s</<r corresponds to
the fundamental solution matrix C (¢, s) of the finite system (3.4). To construct C m) (1 s),
we use the relation C™ (¢, 5) = & ()P (s)~L, where ®(¢) is the m ...my dimensional
matrix-valued function such that

d -
Ed)(t) =LO(t) + T™QADN @) ®(r), (0) =Id. (3.29)

Furthermore, letting W (s) def D(s)~!, W(s) solves the adjoint problem of the fundamental
system (3.29), that is

%\p(s) = —LW(s) — IT™ QDN (a(s))¥(s), W(0)=Id. (3.30)

Using these formulas, the fundamental solution matrix C (¢, s) is explicitly constructed

via rigorous numerics, and one can obtain the W,f fq bound from the definition of U™ (¢, 5)
in (3.6) such that

_ 1
(m) — . P14
sip |00 = sup | max — 37 |0kt )G L) e
(t,5)€Sy Bt (1,59es; \ J€Fm Wj k;;n I
1 s r\q def .S
<max — Y | sup |Cpj(t.9) | GL) xS W,
J€Fm a)l keFp (t.5)eSy
(3.31)

Our main task here is to solve the finite differential systems (3.29) for ¢ € [0, t] and (3.30)
fors € [0, T]. We present only the case of (3.29), as the other case can be handled by a straight
forward extension. Let us define the fundamental solution matrix ®(t) € M, m, (R) as

q>(t)d§f(c,ﬁf)(t))k’jdm = (- D, ) € Fu).

From (3.29), each c,((j ) (k, j € Fy,) solves the IVP of the linear system
.(j o -\ (j j def
& = el +19UL)T (DN @) 0 = @ L by 8hyiae (3:32)

In the following, we omit the superscript (j). By rescaling the time interval [0, 7] to [—1, 1],

and defining as G (c) def 5 (ucg +i9(kL)? (DN (@)c)y), we can rewrite the IVP (3.32) as
an integral equation given by

t
ci(t) = by +/ Gi(c(s)) ds, keF,, te[-11], (3.33)
—1

where by is the given initial data (determined as by = (ej)x when j is fixed). Foreachk € Fy,,
we use the idea presented in [30, 39] and solve the finite number of integral equations (3.33)
using Chebyshev series expansions, that is we expand c () as

() =cox+2)  coxTe(t) =cox+2)  cencos(ld) =Y coxe®,  (3.34)
>1 £>1 L€
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wherec_g = cgxandt = cos(f).Foreachk € F,,, weexpand G (c(t)) using a Chebyshev
series, that is

Gi(c(t) = Yor(©) +2 ) Yeulc) cos(td) = Y Y p(c)el, (3.35)
£zl LeZ
where
Ver©Z hcon +17RLYIN (), dg %Hk

and Ny x(c) def ((t/2)DN (a)c) ¢.k 18 the Chebyshev coefficients of the Fréchet derivative

DN (a) acting on c. Letting Ng(c) déf(NLk(c))[Zo, Y (c) dg(\ﬁl,k(c))ezo and noting that
(AkCk)e = Agcy k, we get that

Vi (c) = Mgeg +19(kL)Y Ni(c).

Combining expansions (3.34) and (3.35) leads to

Y cone’ = cp(t) =i + / ] Grlc(s)) ds = by + f > Veale)e™ ds

tez Veez
and this results in solving f = 0, where f = ( fgyk) >0, keF,, 18 given component-wise by
oo
cok+2Y (=Dicji— b, €=0,ke Fy
f[,k(c) = j=1

2epk + Werr1,k(c) = Ye—1k(0)), €>0,k € Fy.
Hence, for £ > 0 and k € F,,, we aim at solving
Sfer(e) =2Lcok + A (coqrk — co—1,4) 17 (KLY (Ngy1,k(c) — Ne—1 1 (c)) = 0.
Finally, the problem that we solve is f = 0, where f = ( fe. k) ok is given component-wise

by

(o]
qef |0k +2D (=D cjx — br. £=0,keFy,
fl,k(c) = j=1

—Mce—1,k +2Leg g + rkcegrn +iT(RL) (Ngy1 k() — Ne—11(c)), £> 0,k € Fy.

Define the operators (acting on Chebyshev sequences, that is for a fixed k) by

0 0 0 0 0o .- 0O 0 0 0 0
—1 0 1 0 0o 2 0 0
0 —1 0 1 0 0 0 4 0 0
TE | and A% e
0 —1 0 1 0 0 20 0

Using the operators 7 and A, we may write more densely for the cases £ > 0 and k € F,

fr(c) = Ack + T (e + 12 (kL)2 Ny (0)).
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Hence,

o0
cox +2 (=)Vcjx — by, ¢=0,keF
fer(e) = ; ! " (3.36)

(Ack + T Gucr +17 (kL) N (c))), . € > 0.k € Fy.

Denoting the set of indices Z = {({, k) € Ntl . ¢ > 0and k € F,,) and denote f =

(fj) jez- Assume that using Newton’s method, we computed ¢ = (Cg x)¢=0,...,n—1 such that
keFy,

f(c) ~ 0.Fixvc > 1the Chebyshev decay rate and define the weights wy y = oy vf:, where

def . .
ok = 28000y, Givenasequence ¢ = (¢j) jez = (C¢,k)keF,,» denote the Chebyshev-weighed
£>0

2! norm by

def
lellam S ) lejle;.

JjeT
The Banach space in which we prove the existence of the solutions of f = 0 is given by

def
xm e = cp)jer : llellap < oo}

The following result is useful to perform the nonlinear analysis when solving f = 0in .
Lemma3.5 Foralla,b € X[, ||la * bllxm < llallxm 1Dl xm.

The computer-assisted proof of existence of a solution of f = 0 relies on showing that a
certain Newton-like operator ¢ +— ¢ — Af(c) has a unique fixed point in the closed ball
B,(c) C X", where r is a radius to be determined. Let us now define the operator A. Given
n, a finite number of Chebyshev coefficients used for the computation of ¢, denote by £ :
Rmmd — R the finite dimensional projection used to compute ¢ € R™™1"4 that
is

n—1
cok+2) (=D cjx— b, =0,k e Fy

j=1
(Ack + T Oeer + i‘f(kL)‘ka(c(""”)))>£, 0<t<nke Fp.

def
LI ey S

First consider AT an approximation for the Fréchet derivative Df (¢):

(Df(n,m)(a)c(”am))e’k s 0 < l < n, k e Fm

(A+c =
ek [ZECz,k, L>n,keF,,

where Df (n.m) (¢) € Mym,...my(R) denotes the Jacobian matrix. Consider now a numerical
inverse AU of D™ (G), thatis |[I — A®™ D™ ()| « 1. We define the action of
A on a vector ¢ € X[ as

Anmmm)y < ¢ <n kePF,
(AC)l,k = (1 )é.k _ "
57C0.k> L>n,keFy.

The following Newton—Kantorovich type theorem (for linear problems posed on Banach
spaces) is useful to show the existence of zeros of f (similar formulations can be found for
instance in [15, 30, 40]).
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Theorem 3.6 Assume that there are constants Yy, Zo, Z1 > 0 having that

IAf@llan < Yo

I1d — AAT| gam) < Zo, (3.37)
IADSf (@ — ANl pxm) < Z1. (3.38)
If
Zo+7Zy <1, (3.39)
then for all

Yo
re\—————, ),
1—Zy— 7
there exists a unique ¢ € B, (¢) such that f(c¢) = 0.

Proof We omit the details of this standard proof. Denote « def Zo+ Z1 < 1. The idea is show
that 7 (c) def c — Af(c) satisfies T (B,(c)) C B,(c) and then that ||T(c1) — T (c2)|| xm <

Kllc1 — cal xm for all ¢y, ¢2 € B,(c). From the Banach fixed point theorem, there exists a
unique ¢ € B, (¢) such that T (¢) = ¢. The condition (3.39) implies that ||Id — AAT Bxm) <
1, and by construction of the operators A and AY, it can be shown that A is an injective
operator. By injectivity of A, we conclude that there exists a unique ¢ € B,(c) such that

() =0. O

Summing up the above, for a given Fourier projection dimension m = (my, ..., mg), we
apply Theorem 3.6 to validate the solutions of m| - - - mg problems of the form f = 0, as
given in (3.36), which is equivalent to the IVP of linear system (3.32). This approach yields
a sequence of solutions ¢/ : [0, r] — R™""¢ (j € F,) with the following Chebyshev
series representation:

() =y +23 e\ Tut), k€ Fa.
=1
Thus, we obtain the explicit form of the fundamental solution matrix & (¢) that satisfies (3.29).
Using this representation and W (s), which is the solution to the adjoint problem (3.30), we can
derive the Wn‘f 7, bound defined in (3.31) via rigorous evaluation of Chebyshev polynomials
with interval arithmetic.

The rest of this section is dedicated to the explicit construction of the bounds Yy, Zp and
Z of Theorem 3.6.

The bound Y. The first bound will be given by
_ _ 1 _
IAf @l = 1A™™ FO @l + 3 Y o | fea@]wek.

{>n keF,

Using that the term Nj is a finite polynomial and that the numerical solution ¢ =
(Ce.k)e=0,....n—1, there exists a J € N such that f x(c) = 0 for all £ > J. In other words, the

ke
term f(¢) = (fj(C))jez has only finitely many nonzero terms. Hence, the computation of ¥y
satisfying || Af ()| am < Yy is finite and can be rigorously computed with interval arithmetic.
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The bound Zj. The computation of the bound Zg satisfying (3.37) requires defining the
operator

BY1d — AAT,
which action is given by

(dd — AC=m pfem (@) ctm) 0 <t <n, ke Fy,

Bc =
(B {o, ¢>nkePF,.

Using interval arithmetic, compute Z such that

||B||B(X'”)—SUP72|B Jlwi= (,_fax Y 1Bk k)@t ki < Zo0

T w =0,...,.n—1 wy k _
e kaehy g0
The bound Z;. For any ¢ € B1(0), let
tZ(Df@ — ATl
which is given component-wise by
ZZ( D/ k. €=0.keF,
— 7
ek = 2ek(@ ) = {4 (T(kL)qu(c("o '">)€, 0<C<nkeFy

M(Ter)e +17 (T(kL)‘iNk(c(’”))z, ¢>n,ke Fy.

To simplify the notation of the bound Z, lets us first define component-wise uniform bounds
Ze for0 < £ < nand k € Fy, such that |z¢ (@, ¢)| < Zgx forall c € X with llelam < 1.
The first case £ = 0 can be bounded by

ok =2 (=D)cjx <22|c,k|— < —Z|cj,k|wj,k
Wk
jzn jzn Jjzn
def 2
< lellam < Zox =
n,k Wik
Forthecase? = 1, ..., n—1, the challenging part to bound is the non-linear term Nk(c”(oc'm)).

First we need to recall that the term Ny can be express as a finite polynomial in a such that
Ni(c) = Zle Bi (@ *c) for some p € Nand 8; € Rwithi = 1, ..., p. Before bounding
this non-linear term, we first look at how to bound the discrete convolution of @” with ¢(°°-™)
for some p > 0. This convolution can be written as

— .(co,m _ ~P N _ ~p .
(ap *C( ))E,k = Z agl’klclz,kg = Z a[_i’k_jci,]7 .
If]+l€2=§c n§i§l+Flg(n—1)
1+ko= Jje
1] <p(n—1).|612n "
k]GFm,kzeFm

Using this notation, we see that
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@ s ¥ o= Xl o] 2
n<i<l+p(n—1) n<i<t+p(n—1) ek
J€Fn J€Fn

< VP @)l xm < WP @)

where
. def ag—i k—j ag—i k—j
lIj(lé,k)(a)é sup ’ i J‘ — max ’ L J‘ i
lileN i, j JEFn w;i,j
JjE€Fm n<i<t+p(n-1)

which can easily be computed using interval arithmetic. Forthe cases 1 < ¢ < nandk € F,,,
this leads to the bound

i=1

4
|ze k| = ‘(T(kL)qu(C(OO,m)))J — ‘(T(kL)q Zﬂi (t_li % c(oo,m))k>
L

14
< <|T||(kL)q| Zmiw(*")(a")) o
4

i=1

for all ¢ € B;(0), where |7| denotes the operator with component-wise absolute values.
Given ¢ € B1(0), we use Lemma 3.5 to conclude that the bound Z; is given by

IAIDS @ — A'lellxm = | Azl

=Y (A2)jlw;

JjeT

— A(n,m) E(n,m)) w
> (1) o

£=0,...,n—1
keFy,

1
~ T 9 (T (kL) Ny (c™ ‘
+ ; 2@‘ «(Tcp)e +1 ( (kL)? Ni(c )e Wy k
keFy,

A [ A
< > (IA(""")IZ("""))Z L ekt 7’" =ik +cerklonk

¢=0,...,n—1 {>n
keFy keFy,

14
(T(kL)‘f Y Bi@ « c<'”>)k>
£

i=1

Wk

1 1
+5 (vC + —) <|Am|||c||xc + max (kL)) Z \Billla’ *C||XC)

i=1
< § (lA(n,m)lz(n,m))z . ek
. ,

1 1 P .
+ - (vc + ;C) (lxm + max (L)1} Y 244 g )@ ||Xg,>

i=1
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Hence, by construction

-1 p
def N ve +v .
D I (e I e (|Am| + max (kL)) 020 i ||Xg>

2n
0<l<n—1
keF,

i=1

satisfies (3.38).

3.1.2 Generation of the Evolution Operator and Wéc’o) (t, s) Bounds

In the followings, unless otherwise noted the index m is the one set in Theorem 3.2 and p.. is
thatin (3.9). Let £}, & (1d — 1™ ¢}, = {(ar)g=0 € £}, : ax = 0 (k € Fy)} endowed with

def . . . .
the norm ||a||, 1= > k¢ Fr |ak |wg . Consider a linear operator £, whose action is restricted

1

oo
1 .

on £, that is

0. kePF
(Loot)i = lm tora e D(Loy),
wkak, k ¢ Fp

where the domain of the operator Lo, is D(Loo) = {a € E}X) : Looa € Zéo} More explic-
itly, Loo = (Id —1IT (’”)) L holds. The operator Lo, generates the semigroup on €., which

is denoted by {e“~'} _ . Furthermore, the action of such a semigroup {e“>'} _ can be
naturally extended to K}o by
0, k € F,
(e'¢), = " forgetl. (3.40)
eukl(bk’ k ¢ Fm

To get a norm bound of the evolution operator U () (¢, s), let us prepare two lemmas.

Lemma3.7 Let {eﬁw’}t>0 be the semigroup on Eclo defined in (3.40). For y € (0,1), & €
(0, 1], and s < 0 defined by (3.9), the following estimates:

[ee=rp | < ey, (3.41)
and

”ez:octgw(oo) Hw < Coot ™V e~ 1=Oslt |y, 00 (3.42)

hold for y € £ andt € J, where

Y (kL)?
Coo=|— sup . (3.43)
€& ) k¢F, |Hkl”

Remark 3.8 The parameter y € (0, 1) is taken to make the constant Co, in (3.43) bounded.
For example, let us set uy = (kL)*(—2(kL)*+1) — o and g = 2, which is the case of our
example in Sect. 6. In this case, uy is a fourth-order term with respect to k, whereas (kL)?
is a second-order term. Consequently, it is necessary for y to be asymptotically greater than
or equal to 0.5 to ensure the boundedness of Cwo.

Proof Let ¢ € ¢} .1t follows for k ¢ F,, from (3.9) that
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_ (kL)?
eﬂkt(kL)q|¢k|akVp lkl” e —Elplt p= (A=) pgle 2227 |k ok v F

i |”
kL
< sup (Jugl? e ) sup (o= 1-omett) KBV o
Ik ikl laxl”
14
< (L) o oo Wkl v
e§ i |”

< Coot Ve Oy oy,

where we used the inequality

¥
sup (x¥ e 5%) < (L> t77, fory, t>0.
x>0 e&

Therefore, it yields from the definition (3.40) that

vou] = 3 vt
w
ket Fn
Coot Ve IO N [y lagvf = Coot 7 ™ 18l |y O,
k¢ Fn

IA

This directly gives the semigroup estimate (3.42). In the case of ¢ = 0, one can directly get
the estimate (3.41) by settingy =0, £ =0, and C, = 1. O

From Lemma 3.7, we show the existence of the solution of (3.5) with any initial sequence
¢ (s) = Q¥ in the following theorem. Consequently, the existence of the evolution
operator U©)(t, 5) is obtained. To state the result, we recall a(¢) defined in (2.7) and recall
(2.12) that, for each t € J, there exists a non-decreasing function g : (0, co) — (0, oo) such
that || DA’ @), < g(1a®)ll)ll¢ll, forall ¢ € £L,.

Theorem 3.9 Let {eﬁmt }[>0 be the semigroup on Eclo defined in (3.40) and assume that Lemma
3.7 holds fory € (0, 1) and & € (0, 1). There exists a unique solution of the integral equation:

t
(1) = eFel=9 0y 4 / LU= (1d — M™)YQDN (@a(r))c™ (rydr.  (3.44)

N

Hence, such a solution ¢(® solves the infinite-dimensional system of differential equations
(3.5). It yields that the evolution operator U™ (¢, s) exists and the following estimate holds

”0(“)(I,S)QW(°°)H < WS, 5) Hw(o@H . Yy et
) w

where Wéoo) (1, s) is defined by

W(oo)(t 5) % e(—lusltgllan)—s) o
Coo(t —5) Ve U= 5)“‘*‘(’*S)Jrcoo(fff)I_Vg(\IHII)B(lfy,lﬂ/), g>0"

(3.45)

Here, B(x, y) denotes the Beta function.

Proof For a fixed s > 0, let us define a map P acting on the ¢(®(¢) as

t
pc(oo)(t)def Lw(t—S)Qw(OO)_F/ €£m(t_r)(ld—H(m))QDN(C_l(r))C(OO)(r)dV

N
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and let a function space X, be defined by

Xoodéf {c(‘x’) eC ((s, 7], E(])o) . sup Cgol (1 — 5)Y IOl t=s5)
s<t<t

], <o)

Consider § > 1 and define a distance on X4, as

[ 1
d (cioo), ch’)) f sup ((t — 57 eUBalt=9)=p7" Cox [} H)dr

0 -0 ).

s<t<t

where H (r) is defined by

Hr) L@ —r 7 glae)lln) e — ).

Then, (X, d) is a complete metric space. Let us denote g(r) = g(|la(r)||,) for the sim-
plicity. We prove that the map P becomes a contraction mapping under the distance d on

Xoo. For ¢ ¢f™ € Xy, it follows using (3.42) that

(t — 5)7 U= ial=)=BT? Cos [} H()dr

Pe™ (1) = P 1)
w

< (1 — 5)7 U=l t=9)=BT" Cos [{ H(r)dr

< (1 — 5)7 1Ol 1=$)=BT7 Cox [{ H(r)dr

‘eﬂoo(tfr) (Id — IT"™)QDN (a(r)) (Ciw) ") = (r)) Ha) dr

t
/ Coslt — 1)V e~ =Bluslt=1)

N

(14— 1) DN @) () = 7 0) | ar

< (1 — 5)7 1Ol 1=9) =77 Coc [{ H(r)dr

t
/ Coolt — 1)Y= =Dt 4 (1) Hcﬁ"")(r) — ) der
S

< (t — 5)7 e1=Oalt=9)=p7" Coo [{ H()dr g (C}oo), c§°°))

t
. / CooH(r)ef(l*E)IM*\(I*‘YHﬂrVCOO s H(o)do 4,
s
= oy g (o9 )

1
/ CooH (r)eP™ € i oMo g

N

< o P77 Cox N H(rdr g (ciw), ch’)) [éeﬂﬂcm I H(a)do]

r=t
r=s

1
< —d (cgoo), céoo)) .
B

Since B > 1, the map P becomes a contraction mapping on X. This yields that the solution
of (3.5) uniquely exists in X, which satisfies (3.44).
Moreover, letting

def

y(1) = Col(t — 5)7 eIl E=9) ) gy

@ Springer



62 Page 24 of 66 Journal of Scientific Computing (2025) 102:62

it follows from (3.44) using (3.42) that
t
y@®) < v, + G1) / H(r)y(r)dr,
s
where G (1) def Cxo(t — 5)”. From the Gronwall lemma [41, Chap.7, p.356], it follows that

t t
y(t)s(1+c<z> / H(r)exp(/ G(o)H(o)do)dr) 1.

Since G () is a non-decreasing function, one gets that

t
y(@) = (1 +G) /r H(r)exp (/ G(U)H(G)dd) dr) 1l

' '
= (1 + G(l‘)/ H(r)exp (G(t)/ H(O‘)do‘) dr) ||W(OO)||w

t r=t
= <1+[—exp (G(z)f H(o)da)] )||1//(OO)||w

t
= exp (G(r) f H(o)da) 1% .
Furthermore,
t t
G(r)/ H(r)dr < cooa—s)Vg(ndn)/ (t—r)V(r—s)Vdr

= Coot =)' 7 g(laDB —y, 1 —y)

holds. Here, B(x, y) is the Beta function.
Then, we conclude that the following inequality holds for any ¥ € £}

HU<°°>(t, 5)Qy > H < Coo(t — 5) 7 e 1=Oalt=5)+Coot=5)' 7 g(laIDB(1 ~y 1)
w
— W (00)
=W ) |9

where W,;Oo) (t, s) is defined in (3.45). When g = 0, an analogous discussion holds by setting
y =0,& =0, and Cy = 1. It directly follows (3.45) in the case of ¢ = 0.
]

3.1.3 The Other Bounds

— :S
Here, we will give Woso{q, Wfoqu, and Wociq bounds satisfying (3.12), (3.13), and (3.14),
respectively. Firstly, let us rewrite W(;OO) (t,5)in (3.45)ase? =9 where ® = —|u«|+g(llal).

— —S
Lemma 3.10 Set g = 0 and define the constants WO‘Z{O > 0, Wf(io >0, WOOJ’O > 0as

Sy defJ1, 0 =<0
Wm’o_{eﬂf ¥ >0

@ Springer



Journal of Scientific Computing (2025) 102:62 Page 250f66 62

WS] def l (eﬂr _ 1)

00,0 = o
=57 def Woo,O -7

00,0 — 9 ’

respectively. Then Wéoo) (t, s), defined in (3.45), obeys the inequalities (3.12), (3.13), and
(3.14) withy = 0.

Proof First, we note that from (3.45) in the case of g = 0

1, ¥ <0
sup Wéoo)(t, )= sup ' < e =7 = O‘Z’O.
(t,5)€Sy (t,5)€Sy e’t, 9 >0 ’

The inequality (3.12) holds. Second, we note that

t t
sup [ Wo(r,)dr = sup / ' dr
(t,5)eSy Js (t,5)€S; Is

1
= sup — (eﬂ(t_s) - 1)
(t,8)€Sy

< (@) =W,

and that

t t
sup W, rydr = sup / e’ dr
(t,8)€Sy Js (t,5)eSy Js

1
= sup — (eﬁ(t_s) - 1)
(t,5)€Sy

1 —5
< (-1 =W,

These yield that (3.13) holds. Third, note that

t r t r
sup // W (r, o)dodr = sup //eﬁ(’*“)dadr
(t,5)eSy Js Js (t,5)eSy Js Js
t

1
= sup / E(eﬂ(r_s)—l)dr

(t,5)€Sy Is
1 [e?e—9 r=t
= sup Y 5 —r
(t,5)€S; e
1 el?(tfs) -1
= sup —|———(@—y)
(t,5)ESy v v
1 [eP"—1
— -1
v [
Wfoj’o — T —S;
STy T Ve
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Finally, we have

t
sup / W, r)(r —s)dr = sup f U (r — s)dr
s
= sup

(t,5)€Sy (t,5)€Sy
r=t t 1
|: 19(t r) (r ] 4 / 7eﬂ(t—r)dr}
(t,8)eSy v

o] )
= sup (t—s)+—
(t,8)€Sy

el?(t s) _
= sup —|—-(—85)+—7—

(t,5)es; U U
1 (e’ —1
— -7
-9 D
Wfojyo — T 731
= 9 = W0
Hence, (3.14) holds. O

Remark 3.11 The inequalities (3.13) and (3.14) hold regardless of the positivity or negativity
of the variable ©. Furthermore, in the above proof, we used the monotonicity of the functions

eV — 1 1 /e’ —1
and — —t
U 4 0

Next, we consider the case of g > 0. Let us rewrite Wq(oo) (t,s) in (3.45) as Cxo(t —
S)—ye—t(t—s)-i—z?(t—s)]’y , where

t=10=8)lusl, ¥ =Cog(llal)B(A -y, 1 —y).

Similar to Lemma 3.10, we have the following lemma:

with respectto ¢t € J.

:S
Lemma 3.12 Define the constants W oog > 0, W >0, Wooqu > 0as
WS, € Coge”™
—S; def T s
Weq = 1= Woo{q

51
oo q

v

24 1YB(1 =y, 1 — y), (3.46)

respectively. Then Wéoo) (t, s), defined in (3.45), obeys the inequalities (3.12), (3.13), and
(3.14).

Proof First, it follows from (3.45) that

sup (¢t — v)”W(Oo)(t s) = sup Cooe"(t*”*ﬁ(t*s)l_y < Cooe’hl_y =W, .
(1,5)€S (1,5)€Sy ’q
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The inequality (3.12) holds. Second, we note that

t t
sup (z—s)V/ W (r, 5)dr = Coo  sup (z—s)V/ (r—8) Ve IR gy
(t,5)€Sy s (t,5)€Sy s

t

1—

<Cs sup €’079 "t —s) / (r—s) Ve U=9gyr
(t,5)€Sy s

Ny = —S
<Cx sup P07~ W
(1.5)€S; l—y

and that

t t
sup (z—s)V/ W, r)dr = Coo sup (I—S)V/ (t = r) Ve U H T gy
(t,5)ESy K (t,5)€Sy K

t
<Cs sup (t— 5)7 =9 / (t —r) Ve Ugy
g

(1,5)€S8;
_l-y t—s —8;
<Co sup VU7 " <W |
> (t,5)€S; l—y oo
These yield that (3.13) holds. Third, note that
13 r
sup (¢ —s)V/ / Wém)(r,o)(o — ) Vdodr
(t,8)€Sy s Js

t r

=Cs sup (t—s)V/ f (r— ) Ve =R (5 _ TV dodr
(t,5)€Sy s Js

t r
<Co sup (t—s9) / I / (r—0)7"e """ (0 —5) Vdodr
(t,S)ESJ N Ky

t
<Cx sup (t—s) f =)' r—s)""?B( —y,1—y)dr
N

(t,5)€Sy
— )27
-y (
<Co sup e’ V¢B(1 -y, 1=v)
(t.5)eSy 2(1-y)
7S

:S
< %11—1’3(1 =) =W,

Finally, we have

1 r
sup (r—s)Vf Wq(oo)(t,r)f (0 — ) Vdodr
N N

(t,8)€Sy

! r—s)l=v
= sup (t—s) / W‘;m)(t, r)i( ) dr
(t,5)€Sy s l—y

t
=Cs Sup =9 / (t— r)_ye_‘(’_r)"'ﬁ(t_’)Fy r—s)'"7dr
tes;, L—v Js

> =57 [!
<Cx sup et y!/ t—r) Ve UG —5)! 77 dr
(t.5)eSy L=y Js

— )2y
-y (=5
<Co sup 709 r(t =977

I B -y,2-y)
(t,5)ESy -
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—s
W

:S
LB =y L —y) = W .

Here we used the formula B(x, x) = 2B(x + 1, x) for x > 0 in the last line. Hence, (3.14)
holds. =

IA

3.2 Validation Theorem for Local Inclusion of the Solution

Lemma 3.13 Recall the definition of DF (@)~ in (2.18) and assume that the uniform bounds
satisfying (3.1) and (3.2) hold. Let p, ¥ € X and ¢ € E}U. Then QY + p € Y and

1—y Sy
|DF@~" Qv +p, ¢)| = W]l + ’fy"uwuﬂwsfnpn, y €0, 1).

1
(3.47)

Proof Recalling (2.18), and applying (3.1) and (3.2), it follows that

t
IDF @~ (Qy + p, ¢l < sup U, 0)¢llo +suP/ 1U (@, $)(QYr (s) + p(s)llwds

teJ

t
s -
< WS |l + Wg vl SUP/O (t —s5)7"ds

+ W57 sup f 1p(5)llwds

ted
s t! WSJ s
W éllw + fylll/flleTW Tpll.

Remark 3.14 The parameter y is taken as y = 0 in the case of ¢ = 0 in Lemma 3.13.

Theorem 3.15 (Local existence of the solution to IVP) Given the approximate solutiona € D
of (2.5), assume that |(F(@)1ll = lla — La — QN'(@)|| < & and |(F(@)2lle = ll¢ —
a(0)|lp < € hold. Assume also that for ay,ay € By (a, o) there exists a non-decreasing
function Lg : (0, 00) — (0, 00) such that

IN(a1) = N(az) — DN(a)(a1 — a2)|l = La(o)llai — azll.
Let us assume that there exists WS7, W,}S T > 0 satisfying (3.1), (3.2), respectively. Define
- SJ
Pe (@)= WS (e +78) + ﬁLé(gm.

If there exists oo > 0 such that

De (00) =< o,

then there exists a unique a € By (a, o) satisfying F(a) = 0 defined in (2.13). Hence, the
solution of the IVP (2.1) exists locally in J.

Remark 3.16 Tt is worth noting that the non-decreasing function L;(¢) depends on the
nonlinear term . For example, if the nonlinearity is cubic, i.e.,

Ni(a) = —(@)k,
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it follows that for a;, ax € By (a, 0)

IV (a1) — N(az) — DN (@)(a1 — a2)||
— o} - &} - 3@ - a)|
= ” (a1 — ap) (a12 +aja; + a% — 3&2) ||
= (a1 — a2) [(a1 — @)(a1 + az + a) + (a2 — a)(a1 + 2a)]||
=30 Qlall + o) llar — az|l.
Therefore, L;(0) = 30 (2|la|| + o) holds in this case.

Proof We prove that the operator T defined in (2.19) is the contraction mapping on B (@, 0o)
defined in (2.20). Firstly, for any a € Bj(a, 0o), we have using (2.14) and (2.19)

T(a)—a= DF(@) ' (DF(@)a — F(a)) —a
= DF (@' (DF(a)(a — &) — F(a))
=DF(@@) ' (QW(a) — DN(a)(a — @) — (a — L&), ¢ —a(0))
= DF@ ' [(Q(N(a) = N(@) — DN(a)(a — @) — (F(@)1, (F(@)2)].
(3.48)
It follows from (3.47) and the assumption of the theorem that
.L.l—y Sy
—— W@ -N@
-Y
—~DN(@)(a — )|l + TWS7 ||(F@),|

1—-y WSJ
T
< WS (s +18) + f;La(Qo)Qo = pe(00)-

I (a) —all < W37 |[(F@all, +

From the assumption of the theorem p, (09) < 00, T (a) € By(a, gop) holds.
Secondary, we show the contraction property of T on By (a, 0g). From (2.19) we have for
ay,ay € By(a, 0o)

T(a1) — T(a) = DF(@)~" [(QN(a1) — QDN (@)ai, ¢) — (QN(a2) — QDN (@)az, ¢)]
= DF(@)~' [(Q(N(a1) — N(a2) — DN (@) (a1 — a2)), 0)].

It follows from (3.47) and the assumption of the theorem that

1—y Sy
T _
1T (a1) — T(a2)|l < ﬁ (N (a1) — N(az2) — DN (@) (a1 — a2)) |l
.L.l—)/ Sy
q
< ——La(oo)llar — a2l
l—y
rl_VW,ISJ ..
Hence, ?L& (00) < pe(00)/00 < 1 holds. Therefore, it is proved that the operator T
is the contraction mapping on Bj(a, o). O

The rest of this section is dedicated to the construction of bounds & and § of Theorem
3.15.
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The bound &. We obtain the & bound of Theorem 3.15. It follows from (2.6) and (2.7) that
n—1 n—1

a(0) = dok +2 ) arxTe(0) =aok +2) (=D'ar.
=1 =1

Then the ¢ bound is given by

n—1
& = Z Ok — (&ka +2 Z(_l)zaﬁ,k>

keFy (=1

o+ Y lgklox.
k¢Fy

The bound 4.
We next introduce the § bound of Theorem 3.15. From the definition of the operator F in
(2.13) and that of the approximate solution (2.7), we recall

Lar(t) — par (@) — 11 (kLY N (@) (k € Fy)

, - (3.49)
—i?(kL)? Ny (a(®)) (k ¢ Fn).

(Fr(@)2(t) = i

We suppose that the derivative of a with respect to ¢ is denoted by
4 ) = ay, + ZZa(l)Tg(t) keFy
d 9
where the coefficients a a can be computed by the explicit formula, see, e.g., [42, Sec. 2.4.5],

é?z)c— > 2rdrg, €=0,....n—1, keFy.

r=0+1
r—{ odd

On the one hand, for k € Fy, it follows from (3.49) and the fact |T¢(¢)| < 1 forall £ > 0
that

sup | (Fg(a))2(t)| = sup

teJ teJ

< 3 [all) — made s — LN @) | me
>0

d
77 OO = e (1) — it (kL)"Nk(&(t))‘

= Z ‘ai kMg — i (kL)qu,k(é)‘ my

+ |ukan_1,k + 17 (kL) Nyy—1 (@) | my—
+ ) |(KL)IN 1 (@)| me. (3.50)

{>n
where m, denotes the multiplicity for the Chebyshev coefficients
L =0
2 €>0

and N (a) is the Chebyshev-Fourier coefficients of the nonlinear term A (a(z)) such that

Ne@@()) =Y Neg(@meTe(t).

>0
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On the other hand, in the case of k ¢ Fy, we have from (3.49)

sup [(Fi(@)2(0)] = sup [ (L) Nie@@)| = 3 (kL) N4 @) e (3.51)
red =0
It is worth noting that if we consider the cubic nonlinearity, i.e., Nx(a) = —(a®)y, for

instance, the above coefficients are given by the discrete convolution for d + 1 dimensional
tensor.

Nex@ == Y @k ks k-

O+l +l3==%L
ki+ko+kz==+k
[€il<n, |kileFn

Furthermore, thanks to the finiteness of the nonzero elements in a, these coefficients also have
a finite number of nonzero elements. The indices of these nonzero elements are k € F3yy_3
in the Fourier dimension and £ = 0, ..., 3(n — 1) in the Chebyshev dimension. This implies
that the last term of (3.50) and that of (3.51) are finite sums in this case.

Finally, the defect bound § is given from (3.50) and (3.51) by

ICF@)all =sup | 3 1(Fk@)a@lor + Y (Fe@)2(0)]

1€J \ keFy k¢Fy

< 3 supl(Fe@)a®l o + Y sup [(Fi(@)a(0)] o
keFy '€7 kgFy €7

=y (Z] — ik — i (L) No (@) me
kEFN =0

+ | kn—1,k + 19 (KLY N1 (@) My

+ Z | (kL) N (@) mz)wk + Z Z |(kL)I Ny (@) | mea &f's.

t>n k¢Fy €20

4 Multi-step Scheme of Rigorous Integration

In this section, a multi-step scheme is introduced to extend the existence time of the solution
to the initial value problem (2.1). This technique is similar to the domain decomposition of
the time interval, which is standard for computer-assisted proofs of integrating differential
equations presented in [35, 43], etc. By defining the F map within discrete time intervals
and numerically verifying the zero-finding problem for the coupled system, it is possible
to rigorously include the solution in multiple time intervals. In this context, we consider a
sequence of time steps denoted by J; = (ti—1,41( =1,2,...,K),where 0 =19 < 1] <

- < tk and the step size T; o t; — t;—1 can be changed. On each time step J;, we represent
the function spaces X, Y, and D as X;, ¥;, and D;, respectively. We denote the Banach space
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The norm on the space X is defined for given a = (a”',a”2,...,a’%) € X by

XK”

where the superscript is used to indicate the dependence on each time step. Similarly, we
use the bold style notations in the same manner for denoting D def ]_[ZK:1 D;, Y def ]_[ZK:1 Y,
e =T15, ¢, and ¥ x £L T, v x €]

The mapping F : D — Y x £} for the initial value problem over multiple time steps is
defined by

a” a’k

’

X1

s ey

lallx = max { Ja*|
X2

Fla) = (F1 (afl) B (afl,ah) o Fx (a,,(,, , afk)) , (4.1)

where F| : D} — Y xZi,andF,- :Di_1 xD; = Y; XZ}H(i:2,3,...,K)aregivenby

F (a")déf (dJ' — La’t — QN(aJ'), a’l(t9) —w)
P> (a",ab) def (dh — La'r — QN(ah) , a”(t) —al (H))

Fx (aJK*I,aJK> def (ilJK — La’kx — QN(aJK) s a'%(tg_1) —a’k- (tK,l)) .

As we denoted in Sect. 2.2, the first and second components of F; (i = 1,2, ..., K) are also
denoted by (F;); and (F;);, respectively. From the above construction, solving the initial
value problem (2.1) over multiple time steps reduces into the zero-finding problem for the
map F given in (4.1).

The approximate solution is set by @ = (El Nogh o alk ), which is numerically com-
puted on each time step J;. The Fréchet derivative at the approximate solution D F(a) is
denoted by

(R = r!r — oDN (@) kT, WY (1))
de (h"2 = £h"> — QDN (@) n'2, h'2(11) — B (1))

DF@h= €Y x ¢l

(h'x — ch'x — QN(&JK)th, hIK (tg 1) — W'V (tg 1))
(4.2)

forh = (W', h2, ... h'%).

To define the Newton-like operator for validating the solution over multiple time steps, we
obtain a formula for the inverse of the Fréchet derivative, that is, we solve D F (a)h = (p, ¢)
for given p = (p”', p2, ..., p’%) € Y and ¢ = (¢”’1, 9”2, ..., ¢’%). In order to perform
this task, we first construct the evolution operators {Uy, (t, $)};_<s<i<;; G = 1,2,...,K)
validated on each time step J; via Theorem 3.2 in Sect. 3.1 and then, denoting S, déf{(t, s) .

. .. Sy
ticp<s<t=<t}(i=12,...,K), we obtain positive constants WSJi, w, Ji

Wq(t" ) W tstio)) guch that

, W(tiy-]i),
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Sy,
sup ||U]l.(t, s)”B(Zl) =< WSJ," sup (t_s)y “U]i (tv S)Q”B(gl) =< Wq J,’
(1,5)€Sy; ¢ (t.5)€Sy; @

sup U, (. )l gty < WD sup (@ = )V U, (1. )Ql per, < W T,
sel; @ se[ti—1.t;) ¢
U i ti- Dl gery < W=D,

4.3)

. . . Sy,
respectively. Note that these constants fall into three types: First, WS and w, %" are bounds

for the two parameters (¢, s), with the superscript S, indicating the dependency (¢, s) € Sy,.
Second, W>Ji) and W‘I(ti’Ji) are bounds for the one parameter s, where the superscript
(t;, J;) indicates that t = ¢; is fixed and s € J;. Third, W >ti-1) denotes the operator norm
at the specific times ¢t = ; and s = #;_1.

Remark 4.1 Note that computing each evolution operator Uy, (¢, s) by solving the linearized
problems and then obtaining the bounds in (4.3) at each step i = 1,..., K can be done
independently. Hence each computation can be made in parallel, which implies that the
computational cost is additive in time rather than multiplicative.

Having obtained the evolution operators Uy, (¢, s) on each J;, the solution k of DF (a)h =
(p, @) is derived iteratively as follows: The first step is the same as that presented in Sect. 2.3.
The variation of constants formula yields

t
ph ) =Uy(, l‘())(]ﬁj1 +/ Uy (t, S)le (s)ds, telJ.
fo
Next, the £”2 is given by

t
R (1) = Uy, (1. 11) (¢’2 + R (tl)) +/ Uy, (t, ) p” (s)ds

n

=Uy(t, 1) <¢’2 + Uy, (11, 10)9™ +/

Ji

Uy, (11, 5)p” (s)ds)
t
+ / U (t, 9)p" s)ds
1
t
=Up(t, 1) + f U, (t,$)p”(s)ds + Ugup (2, t10)p”"
3]
+ / Usnont.9)p" s)ds, 1€ . (4.4)
Ji

Here, we denote U Uy, (t, to) def Uy (t,1)Uy (1, 1) (t € J2). We iterate this process for
i=1,2,..., K. Theresulting K’k is obtained for r € Jg by

t

W80 = U ttn) (7 + 0 txo0) & [ Us(rosp™ srds
K1

=Uj (t, tx—1) <¢JK + Uge_, (tk—1, tk—2)h 'K (1 _2)

+/ UJK,.(tK—l,S)pJK“(S)dS>
Jk—1
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t
+ / Use (6.5)p"% (s)ds
t

K-1

t

— Uy (s tx_)d”% + / Usy (1, 5)p”% (s5)ds

K1
K—-1
+ 2; (UU_;;. 5, ti$” + /J UyE, g, 9p" (s)ds) : (4.5)

where
def
UU?‘:,- Jj(t, i) S U (6 tk-DUge (tk—1, 115 _5) - U (ti tim1), 1 € Jk.
Finally, we get an unique expression of the inverse of DF (a) as

DF@ '(p. ¢)

U (t,10)¢" + [3 Ug, (t,5)p” (s)ds
Un(t,1)¢% + [} Up (6,9 p” ()ds + Upus (6, 10)6" + [, Unun (. 9)p” ()ds

Use (6t 0)@'8 + [} U () p"% (s)ds + X5 (qu:’_ 5, 097 + [ U (5t (s)ds)
(4.6)

The Newton-like operator is defined by

def

T(a)= DF(a)"' (DF(@)a — F(a)), T:X — D C X. “4.7)

Therefore, we validate the solution of F(a) = 0 given in (4.1) to show that T : Bk (a, 0) —
Bk (a, @) is a contraction mapping, for some @ > 0, where

~ . def _
Bi@.)=f{acX:|a—alx <e}. (4.8)
. . .. 8], s"i (t‘ Ji)
Lemma4.2 Foreachi = 1,2, ..., K, consider the positive constants W=Ji, W, =, Wi>Ji),

W dD w @sti) sarisfying (4.3), and let Wy > 0, Wy > 0 and Wy > 0 be defined by the
matrix infinity norm of the following lower triangular matrices:

wSh 0
W, & WSh wtst) WSh 0 |
WSk V‘:’(tK—l’tO) wSik W:/(tK—l;tl) WSIk
aw, " 0
Wy def 2 WSh Wq(tl,Jl) % W;SJZ 0

fl WSJK W(tK_l,tl) Wq(tl’Jl) fZWs_]K W(tK—th) Wq(tZaJZ) . fK W;SJK
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1—y
where ‘Eidéf Tlf_y (i=1,2,...,K), and
nWwsh 0
def WS W WSh 0
Wy =

1y WSIk Wk-100 Wt J0 o, Wik wik-10) W) 1 WSIk

respectively. Here, we denote Wi>ti) = Wltisti-0) ... Wi+tsj) wigh 0 < j <i < K — 1.
Then, these constants obey the following inequality:

IDF@ " (Q¥ + p, )|y < Welldllo + WxI¥lx + Wylpllx for ¢ cll, ¥.peX,
where [ ¢llo = max{[1¢7 |lo).

Proof For given ¢ = (¢71,¢”2,...,¢7%) € €L, ¥ = (W), ¢”2, ..., ¢’%) € X and
p=(ph, ph ... plk)eX, taking X; norm in each component of (4.6), we have from
(3.47)

sup
teld;

s J g J s J
S W2 o, + T W, Y x, + Tt WA Ik,

t
Uy, (1, 10)¢" + / Uy, (t,5)(Qy” () + p”1 (5))ds

fo

w

-y

where 7; = rl’fy (i=12,...,K). Wealso have

sup
te)r

t
Uy (t, )" + f Up, (t, )(QY"2(s) + pP2(s))ds

1

+ Upun(t, 10)¢" + fl Ugup (t, $)(QY 71 (s) + p”1 (s))ds

w
N R S
< WShW@O g/ 4 WSR 1§72, + 2 WS WS Iyt 2 Wy 2 1y 2 x,
+ T WSRW@I | plt )+ WSR2y,

where we used

sup 1U 5,00 (8, 10) | ery < sup U1, & t) gy 1U s (1, 10) [ pgery < W W L0

ter
sup (11 — )" | Upun(, S)Q”B(zl)
tedy, sed;
< sup [Up(t, 1)l gy SUP(tl = )VNUy (1, 9l g
tedy

< wWSh Wq(th.’l)
sup [ Uyun )y < sup 1Un (1) gty sup U5 (11, )l per)
tedy, sel; tedy seJy

< WSh w0,

Similarly, we obtain the K-th component
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t

Uy (t, tk—1)$' + / Uy (t, )(Qy 75 (s) + p'% (s))ds

K1

sup
telg

K—-1
+y (Uu;;,- 5, i) + /J Uy, 5, 9(Qu7 () + p” (s))ds)
i=1 ' i

®
< wSik wtk-1,t0) ”¢J1 llo
+ WKW g2, o WK 7K
+ R WSIK Wt 0y
+ szSJK W(tK—lytZ)Wq(tZ’JZ) ”1//12 Ix,
o B W S R
+1 wSik wk-1:t0) py (1, J1) ”le llx,
+ ‘L’zW‘SJK W Uk-1,22) (2, J2) ”plz llx,
e T WK K
where Wirtj)) = wliti-0) ... W+t (0 < j < i < K — 1). Summing up the above

inequalities and taking the maximum norm of each components, the X norm of (4.6) is given
by

|DF@ " (Q¥ + p. )|y < Welldllwo + WxlI¥llx + Wylplx.

[m}

Theorem 4.3 (Local existence over multiple time steps) Given the approximate solution
a= (Ezj‘, al, ..., C_ZJK) € D, assume that

IR @ Mllx, <87 I(F@" a™)illx, <87, .. I(Fx@* ", a"))llx, < 87%
and

I(Fi@"alle < ety I(F2@", a™lle <&, ..o, I(Fx@ ", a’ ), < ’%.
Assume also that for alJ’ R azji € By, (Ez]i , Q) (i=1,2,...,K) there exists a non-decreasing

Sunction Ly, : (0, 00) — (0, 00) such that
Ji Ji = J; Ji Ji Ji Ji
V(@) = v (@) - oa (@) (o =), = 2ont@) [t =] -
Set § = max (871}, e = max{e’i} and define
def
pe(@) = Wee + Wy max{Lz; (@)} @ + Wy,

where positive constants Wy, Wx, and Wy are defined in Lemma 4.2. If there exists g, > 0
such that

pe (o) < @o.

then there exists a unique a € Bk (a, 0g) satisfying F(a) = 0 defined in (4.1). Hence, the
solution of the IVP (2.1) exists locally over the multiple time steps.
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Proof We prove that the operator T defined in (4.7) is the contraction mapping on Bk (a, )
in (4.8). Firstly, for any a € Bk (a, 0,), we have using (4.2) and (4.7)

T(a)—a
=DF(@) ' (DF@a— F(a)) —a
= DF(a)~' (DF(a)(a — @) — F(a))
(QW (@) —N@") — DN @)@t —alty) — (Fi@m, (Fi@)a)
_ pr@! (Q(W(@”) = N@”) — DN'@")(a”> —a”)) = (F,@", @), (F@”.a”)),)
(QW (k) = N(@*) - DN @'*)(a’x - ajk)) — (Fx(@'=1,a’® ), (Fg@’*-1,a’s)),)
4.9)

It follows using Lemma 4.2 and the assumption of the theorem that

IT@ ~allx = Wemax | | (@) .

(Fa@" @) oo

(Fk@,a% )] |

Y

+ Wy max {ICFL @ D1l 2@ @Dl - N Fi @ @)1 |

= Wee + Wy max {Las (00)} 00 + Wyd = pe(ap)-

+ Wy max { [v@h - v@h - Dt - ah|

From the assumption of the theorem p.(0,) < 0, then T'(a) € Bk (a, 0,) holds.
Secondary, we show the contraction property of T on Bk (a, 0,). From (4.7) we have for
a,ay € Bg(a, )

T(a)) - T(a2) = DF(@) ' [DF(@)(a) — a2) — (F(a)) — F(a2))]
Q(Na") - N(@fh) - DN@") (@] —afh). 0

2 (V@ - N@?) — DN @)@ —a)), 0
= DF@)~! :

(2 (V@) - N@f®) - DN@)@* — ) 0)
Using Lemma 4.2 and the assumption of the theorem, we obtain

IT(a1) — T(a2)llx < Wx max {Lgi (@)} a1 — azllx.

Hence, Wy max; {LEJI- (go)} < pe(0g)/0y9 < 1 holds. Therefore, it is proved that the
operator 7 is the contraction mapping on Bk (a, 9). O

4.1 Bounds on Each Time Step

The remaining bounds to complete the proof of the local existence over the multiple time steps
are positive constants W %> Ji) W‘;t" 40 and Wsi-1) such that supgey, 1Us; (i, )l peery <

A ti,Ji
WEID sup o — )Y UL 9)Ql gy, < We™ ™, and U, (1. ti-D)ll gy, <
Wwlisti-0) (; =1,2..., K), respectively.
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To get these bounds, we consider the linearized problem (2.17) and represent the solution
of (2.17)as by (t) = b(t) ((t, s) € Sy;). Since we have a rigorous inclusion of the fundamental

solution in Sect.3.1.1, one can obtain two bounds W,fff,’lji ) > 0and WY1 5 0 from the
definition of U™ (¢, s) in (3.6) such that

sup HU(m)(ZhS)QHB(QU) — sup | max — Z |Chj (1 DIGLY g | = WP (4.10)

seli seJ; \ J€Fm CUJ
and
| a -], —,ep,,,* 2 (G- Dlex = W@
respectively.

Returning to consider b (¢) in Sect. 3.1, we recall the bounds (3.21) and (3.22). We define
a matrix whose entries are the coefficients of the bounds as

Sy.
Ui -1 7 Wi Wy Wed o
=K .
Si;15Ss i Sl
Wm,q Woo’qgoo,m WOO N

For any s € J;, we have

16N x, < UL ™ N + U1 0, 162 < US Y™ Ny + U 19,

where U k} denotes the (k, j) entry of U”i. Similarly, we also define another matrix to obtain
the W5 bound in (3.28) as

SI. S;, =S8 I
(:7]’ def 21 Wm 0 Win g W' Emoo
=K W W/Sjl g‘ll WSJi .
m, 0 0

We also represent the norm bound b, (¢) as

rri i = Ji = Ji
15N < U1 ™ Nl + TH18 N, 15901 < T3 1™ 1y + U 14 |l

with the same manner.

Using these bounds, since the solution b, (¢) of (2.17) satisfies the integral equations in
(3.8), the finite part by the Fourier projection is bounded using the W,f,tf,'/") bound in (4.10),
(3.13), (3.14), (3.15), and (3.20) by

sup (1 — )7 16™ (1) o
sel;

14
<o WAy M+ WD ET o sup 1 — )7 / 158 ()l r

sel; s

inJi
<o/ Wi,

1
isJi) oJdi
W e o s =97 [ (W s
sed; K
.
L m f w;°°)<r,a)||b§””<a)||wda> dr
s
i Ji D) e i TS iJi: i i

< 7 Wi 1 ot WA 5 W g 10 O oA Wi W i oo €35 m1DS™ I 3,
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=S.
isJi ivJi Ji ol Ji Ji
< (r,? Waia + wiiy ’Woo,qsm,ooeoo,mvu> Iy ™,
) @i T L INTTS i Ji Ji
- (Wn(f,q L& o Wooig + Wity )Woo,qem,oosoo,mUu) 1.
On the other hand, the infinite part is bounded using (3.12), (3.13), (3.14), (3.16), and

(3.19) by

sup (t; — )7 16 1)l
seld;

Sy . t
< Wl 19l + EL 1y sup (i — )7 / W i, ) IB™ () | wdr

sel; K

SJi Ji
< Woolg 19Ol + £ sup (t; — 5)7
seld;

/ W™ ;. ) (wm,:, 19 ™l + Wi €0 f 165 <a)||wdo> dr

N S
Sy Ji WS S g =S S oy

< Woolg 10Ol + £ m Woa g Won i 19 ™ Nl + €35 1 Wooar g W Em 01657 L
Ji S S Sy=5s .; Ji Ji

< <6m,,nwoo,q Wnsa + War W oo g Em 0o€35m U3y | 19" llew

Sj, S_/. :SJ,- Ji J: J:
+ (Woofq + W Woo' gt €38 m U35 ) 114l

Consequently, the W,I(ti’Ji ) bound is given by

i, Ji)
W‘I
Y i) o G IDTES odi i g @I o TS GIVT odi  odi gy
def oW will Woc,%fm,oofoo,mU“ AL gm,oowoo,quW,g,, Wy EmocEbmUTy
- Ji 5SS S5=90 L) ol Ji Sy S5 =0 ol al; Ji
goo,mWoo,q Wm<q + Wm.q Woo,qgm,ocgoo‘m Uz] Woo.q + Wm.q Woo,qgm,oogoo,m Uzz 1

Moreover, an analogous discussion using the bounds in Corollary 3.4 directly yields the
W Ji) pound given by

w s Ji)

def
- J =Sy . Sy Si=Sh L5 g i Sy Sy =Sn L oa i
gcx’xm Woc,é Wm_(; + Wml; Woo,;gm,oogoé,m U21 Wool + qu’ Woovlligml,oogoc,mUzz

—Sy, . —Sy.
4,J; 4 INTT N ol o i 1,Ji) o i Sy; 4,J; Vi odi odi 7
( Wi Wit W e €3 m TNy Wil €N W+ Wity )Woqusmmsm,mUl‘z)

1

Next, setting s = #;_1 in (3.8) and the initial data ¢ € chu instead of Q, the finite
part b,(l'f? (#;) is bounded using the bounds wi=1 and W,gf’qji), given in (4.11) and (4.10)
respectively, (3.15), (3.20), (3.25), and (3.27) by

16" (1) L
< W;f17t171)||¢(m)||w + Wrgf,’]ﬁ)grﬁ,oo/ ’bt(,o,ol)(r) wdr
Ji

i ti— A .
< Wi N9 o+ Wi EN / (W 1016
J;

i

.
+ELL / W;°°><r,o)||b§,fi'f<o>||wdo) dr
ti—1
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A :/Sf; ; .
R P A N ]

ti—1

1 ti_ T . oS
< WiV + Wi EN W

m,00 o0

1.t AL ool
< (Wé vt W,Ef:z/”Woo,qfni’,ooso’s,mvn) 16l

LD edi S iJi =50 Ji il
+ <Wn(1tq )6m,oowooJ + Wrszt,q )Woo,qgm,oogoo,mUm) ||¢(Oo)||w~

The K}U norm bound of the infinite part b,(f_ol) (;) is derived using W () (t, s)in (3.23), (3.16),
(3.19), (3.26), and (3.27) by

ti—1 ti—1

15, 1) llw < W @1, - D) [10° o + EL / W (b, 1) 1b") () llwdr

i

< Wy, ;)16 |l
: Sy, Sy o, g
+ED f Wo™ i) (Wm,’a 16 Nl + Won 4 & oo / Ilbifi‘?w)“wd") d’
Ji ti—1

. /Sy - =/S; 8 i o
< WOt i)l o + €38 Wooly Win.0ll6 ™ o + €36 1 W oo g Wing Ent 0o 15
. —Sy. Sjl. Sj’.:/'sli . a ~ J;
= <€c{ém Woo,J:I W0+ Wing Woo,qu' &3 U21> 1™ |l

m,00~"00,m
(c0) SyiwSi oty odi (00)
+ W (th tl*l) + Wm,quo,qgm,oogoomezz ”‘/f ||w~

The W>ti-1) < 0 bound satisfying || U, (¢;, ti*l)”B(e,'u) < Wtiti-1) g finally given by

w isti-1)
(t.ti21) IS ol ol .9 odi TS IS ol i 1
W +Wm,q Woo,qgmoogoc,mU]] Wm,q gm,oowoo +Wm,q Woc_qgm,oogoo,mUu

5 =Sy S S, =S .y 5 o= S, =Sy .5 5 b
EL MW i W b 4 Wara W o Ent so€bmUsy WOt 121) + Wy W g Ent o€ m Uy

00,q ""'m,0 0.9

1

4.2 Error Bounds at the End Point

When the local existence of the solution is proved, we obtain error bounds at the end point
of J; as follows: Firstly, setting ¢ = #; in (3.48), it follows from Lemma 3.13

la% @y —aan| = wlwel 4 5 WHI L, (ggeg + rW I8N,

where g > 0 is the validated radius in Theorem 4.3 of the ball defined in (4.8). Secondly,
setting ¢ = 1, in (4.9), the exact form of the inverse (4.4) yields

[a2w) — a2 )| = Weweh 4 & WL (aeg + W I 4 Wi
! + f]W(tz’tl)Wq(tl’Jl)L&J] (00)0o + W) W Jogh
Similarly, we have an error bound at ¢ = 7 from (4.5) and (4.9)
o’ @) —a'x )| < WiRWeh Wk 4 WDk
@

+ H WD WL (00)eq

+HWID WL ()0

+o WS TOL (00)eg
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+1 w UKt s J1) g1 + 7:zw(tK,tz)vy(tz,Jz)(;Jz
+ g WK IO sk (4.12)

Finally, the &’ bound satisfying
a6 —a @) =t =230
w

is a numerical error between two different approximate solutions, which is caused by the
Chebyshev interpolation. This is tiny error in general and easily computed by the form

ni—1 nj—1—1

~Ji ~Ji_1 _ ~Ji =i ~Ji—1 ~Ji-1
a’i(ti—y)—a’ ' (ti— H = ay, +2 —-D*a,’, — | a +2 a Wk,
H i—1) (ti-1) " E 0.k § :( )"y 0.k Z ok k

keFy =1 t=1

where n; denotes the size of Chebyshev coefficients on J;.

5 Application to the Swift-Hohenberg Equation

In the following sections, we demonstrate some applications of our rigorous integrator. Firstly,
in this section, we provide a computational approach of proving the existence of global in
time solutions. We then apply the provided method for computer-assisted proofs of global
existence of solutions to initial value problems of the 3D/2D Swift-Hohenberg equation. We
combine the rigorous forward integration with explicit constructions of trapping regions to
prove global existence converging to asymptotically stable nontrivial equilibria. Secondly,
in the next section, the 2D Ohta—Kawasaki equation is considered to deal with derivatives of
the nonlinear term. All computations in this study were conducted on Windows 10, Intel(R)
Core(TM) i9-10900K CPU @ 3.70GHz using MATLAB R2022a with INTLAB - INTerval
LABoratory [44] version 11, which supports interval arithmetic. The code used to generate
the results presented in the following sections is freely available from [45].

5.1 Constructing Trapping Region

We propose a strategy to demonstrate global existence of (1.1) via the mechanism of conver-
gence towards an asymptotically stable equilibrium solution. We are specifically looking at
cases where the nonlinearity of (1.1) is of the form (2.3) with ¢ = 0. We denote the vector
field of the infinite-dimensional system of ODEs (2.4) by

. def

at) = f(a) = La(t) + N(a). 5.D
Assume the existence of an equilibrium solution @ € ¢}, that is

f@ =La+N@) =0,
and assume that the Fréchet derivative Df(a) is an invertible linear operator with real
eigenvalues. In addition, let G : ¢} — ¢! be defined by
G f@+h)y— Df@h, forhedt!, (5.2)

so that G(0) = f(a) = 0and DG(0) = Df(a) — Df(a) = 0 hold.

The following theorem asserts existence of the trapping region associated with the asymp-
totically stable equilibrium solution. Note that a similar argument was consider in [46]
to construct an attracting neighborhood in Fisher’s equation, which was combined with a
computer-assisted proof to prove global existence.
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Theorem 5.1 (Global existence via asymptotic convergence) Let a € £\ be an equilibrium
solution of (5.1). Assume that there exist C > 1 and . > 0 such that

T O gy < Ce™ (5.3)

forallt > 0. Consider € > 0 small enough so that
def

§=Xx—€>0. 5.4)
Since G(0) = 0 and DG(0) = 0, pick p > 0 (as large as possible) such that
8 .
IG@D)lw < EII(PIIw, Ve € £, with |$llo < p. (5.5)
If
. o
0 - 0] <=,
la(0) —alle < C

then forallt > 0
la(t) —allw < Clla() — alloe™" < pe™'.

More explicitly, ifa(0) € B% (a) C (30, then the solution a(t) is bounded (it stays in B% (a)),
it exists globally in time and it satisfies

lim a(t) = a.
t—00

Proof While the proof is standard in the theory of differential equations, we present it
here since it provides a computational procedure to show global existence and asymptotic
convergence.

Consider r > 0 and let 4(t) défa(t) — a. From (5.2), one gets that

h(t) = a(t) = f(a@)) = f(h(t) +a) = f@) + Df(@h() + Gh@))
= Df(@)h(1) + G(h(1)), (5.6)

with G(0) = 0 and DG(0) = 0. The variation of constants formulain & € £ i) for (5.6) yields
h(t) = 2T @ p0) + fot ePT@U=9G(h(s))ds,
and therefore
1R @)l < 1@ g, 1ROl + /0 " ePr @ IpeIGREN) lods. — (5.7)
Combining (5.3) and (5.7), one obtains
1Ol < Ce ™ 11O) ]l + /O ' Ce M G (s ods. (5.8)
Now, as long as ||h(s)|l, < p fors € [0, t], then combining assumption (5.5) and (5.8) yields
10w < Ce 11Ol + /O ' Ce MG ods

t
< Ce ™M O]l + / 8¢ M09 [lh(s) [ uds.
0
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Letting y(¢) def eM||h(1)|l, > 0, one obtains from the last inequality that

t
(@) < CIRO) + / 5y(s)ds. (59)
0
Applying Gronwall’s inequality to (5.9)
i o
¥(0) = M)l < CIRO) el 25 = ClR(0) ] ,e*
which implies that
1)l < ClIRO) [l we® ™" = CllhO0)]lpe™. (5.10)
Observe that if ||2(0)|l, < p/C, then (5.10) guarantees that || (2)|, < pe ¢ < p for all

t > 0. Going back to the original coordinates a(¢) = h(t) + a, then we conclude that

€t

la(0) —adllo = p/C = lla@®) —allo < pe™ < p forallz > 0.

[m}

Next, we provide an explicit procedure which will be used to conclude, via a successful
application of Theorem 5.1, that a solution exists globally in time and that it converges to an
asymptotically stable equilibrium solution.

Procedure 5.2 To study the asymptotic behaviour of solutions close to an asymptotically
stable equilibrium solution, perform the following steps rigorously:

(P1) Compute @ € L} such that f(a) = 0;
(P2) Define G from (5.2);
(P3) Compute C > 0 and A > 0 such that (5.3) holds;

(P4) Consider € > 0 small enough (in fact the smaller the better) so that (5.4) holds;

(P5) Let s 5 —e > 0;

(P6) Compute p = p(§, C) > O (as large as possible) such that (5.5) holds;

(P7) As we integrate equation (5.1), verify that ||a(t) — all, < %,for some T > 0;

(P8) From Theorem 5.1, conclude that a(t) stays in B,(a) for all t > t (it is bounded), it
exists globally in time and it satisfies a(t) — a ast — —00.

If Procedure 5.2 is successfully applied, then as we perform the rigorous integration, we
verify ifa(r) € B 2 (a).If so, then the solution is trapped in the ball B, (a) for all time ¢t > 7.
For this reason, we say that the set B, (a) is a trapping region.

5.2 Semigroup Estimates

We will show how one get the constants C > 1 and A > 0 satisfying
[ePF@ g < CeMgllug, forallr >0, ¢ el
w

This corresponds to (P3) in Procedure 5.2. Since the equilibrium solution is asymptotically
stable, such A > 0 is expected to always exit. Before presenting the computation of the
constants, we first need to construct an operator P, for which the column will be an approx-
imation of the eigenvectors of Df (d). Let Ay (k € Fjr) be approximate eigenvalues of
the truncated matrix of Df (a) with the size M = (My, ..., My).! These eigenvalues can

! The truncation size M is determined appropriately later.
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be sorted in increasing order with respect to k. To present a decomposition of an infinite
dimensional operator, say A : £} — ¢! for example, into finite and tail parts, we denote a
finite truncation of the size M by A; : Z}U — CV, where N = ]_[;-1:1 M;, and the tail part
by A : E}U — Eéo =(0d—- oM ))Ki), respectively. Let Py be an invertible matrix whose
columns are numerical approximation of the eigenvectors corresponding to Ax. Then we set
an operator P and its inverse P! as

. P 0 1 _ Pfl 0
P_IZOIdOO]’ P _|:0 Idso |

Therefore, using these operators, we define the operator M L p-ip f(a)P. Since P is an
approximation of the eigenvectors of Df (@), and P! is the exact inverse of P, we can see M
as being an approximate standard diagonalization of Df (a). For this reason we will refer to
M as the pseudo-diagonalization of Df (a). The motivation for the pseudo-diagonalization
is presented later in this section. We can rewrite M with the form

1 00
M=A+6, A:[A1 0], g:[gl ‘9@1}

0 A (5.11)

where A| = diag(Ax) (k € Fyr) and Aoy = diag(uug) (kK ¢ Fyy) are the finite/infinite
diagonal matrices, &' € CNV*V contains numerical errors of diagonalization, & : £, —
CN, &L . CN — ¢l ,and £ : ¢! — €L . More precisely,

& = Pr'ODNI(@), L = ODNx(@ Py, EF = QDN (@).
Using this notation, we get the bound
o~ -1 —
17 lgqeyy = 1™ M peery < IPIpei) 1P~ sy le™ gy (5:12)

By construction of the operator P and P~!, the computation of [Pl g, and P! I Ber)
are finite and given by

—1 —1
1Plsey) =max (IPillgey)e 1) and 1P lggeyy = max (1P ggeyo 1)
The next step is to define the necessary conditions to use the following theorem.

Theorem 5.3 [47, Theorem B.1] Consider the linear operators M, A, & : CN x Kéo —
CVN x chx) defined in (5.11). We require A to be densely defined and & to be bounded.
Suppose that A1 is diagonal and that A : E})o — Z}x, has a bounded inverse.

Let (1, ttoo > 0 such that for t > 0 and (¢1, poo) € CV x Eéo we have

A - A _
le 1], o < e Nd1llwo, e o], o < ™" Idoollw.o-
Fix constants 8,4, 8p, 6., 84 > 0 satisfying
1
& ||B(zg)) < a, ”@@100“3(53)) < &b
1
[€sollBeer) < Bc. ||<gaoo§||3(g(lu) < 84,

and set

Y

reo(ay) Moo —8a — 1Al
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Assume the following inequalities hold

S8a+ sup |l < oo and = proo + 84 +n8pdc(14+08p8:) < —pi. (5.13)
A€o (A1)

Then, we have the following estimates of semigroup generated by M :

M —A 1
[ 9] = e gl @ < th.

where

def
Cs S (1 +n8p)*(1 +18)%,

hs & 1 — Cda — ndpse (14128, + 8) + n*8p8:(1 + ndp)) -
Computing Cy and A using interval arithmetic and combining them with (5.12) give us
||€Df(a)t||3(e}u) < Ce™M
where

C > ||P||B(é§,)||P_1||B(Q))Cs and A < A;.

It is worth mentioning that if we applied Theorem 5.3 directly to the operator [P/ (@1 | B(t))
without pseudo-diagonalizing first, we would have A < 0, and thus we would not have the
hypothesis needed for Theorem 5.1 to prove global existence. Also, the truncation size M
of the finite part of the pseudo-diagonalization is chosen such that the conditions (5.13) are
satisfied and such that A > 0.

5.3 Computer-Assisted Proofs

Let us apply Procedure 5.2 to study global existence and asymptotic convergence of solu-
tions in the Swift—-Hohenberg equation, which is introduced in [48] to describe the onset of
Rayleigh—Bénard convection

up=ou—1+2)%u—u?= (-1 -2 A% u—u, (5.14)

where o € Ris a parameter. It is worth mentioning that several computer-assisted proofs have
been presented in the last twenty years to study the dynamics in (5.14), including constructive
proofs of steady states [40, 49-52], global dynamics [53], chaos [54, 55], stable manifold of
equilibria [47] and solutions to initial value problems in the one-dimensional case [34, 35].

Here, we impose the homogeneous Neumann boundary condition on 3D prism domain
[0,/L1] x [0, 7w/L2] x [0, w/L3] with (L1, Ly, L3) = (1, 1.1, 1.2) (resp. 2D rectangle
domain [0, w /L] x [0, w/L,] with (L1, L2) = (1, 1.1)). Using the general notation (1.1),
r=0—1,A1 = =2, = —land APN(u) = —u> (p = 0). In this case, the corresponding
differential equation (5.1) in the space of Fourier coefficients in £ 610 is given by

at) = f(@) < La) —a@)?,

where (La)x = (o — (1 — (kL)®)?)ag (= pgay) and the cubic term is the usual convolution
defined by

3, def
@) =(a*xaxa)y = Z Q) Oy Ay -
ki1+ko+kz=k
ki ko, k324
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For the part (P1) of Procedure 5.2, we use the tools of computer-assisted proofs for
equilibria of PDEs defined on 3D/2D domains with periodic boundary conditions (e.g. see
[40, 51, 56]) to compute a € ELIU such that (@) = L£a — a>. A brief introduction of such
tools is presented in Appendix D. For the part (P2), we note that for the Swift—-Hohenberg
equation,

G(h) = f(a+h) — Df(a)h
=L@+h)—(@+h)® - (Ch —3a*>«h)
=—3axh®>—h.

For the part (P3), the explicit construction of the constants C > 0 and A > O satisfying
(5.3) is performed rigorously via Theorem 5.3 in Sect.5.2. For the part (P4), fix € = 1071,

which is small enough so that 8 = 1 — e > 0 (the part (P5)). For the part (P6), one must pick
p = p(8, C) > 0 such that (5.5) hold. In our context, we use the Banach algebra structure
of ¢ }U to reduce the verification of (P6) to

)
IG@) o = I| = 3d % ¢* — 1l < 3lallulel? + ol < clglo

forall ¢ € K}O with ||@]l» < p. Assuming ¢ # 0, the previous inequality boils down to verify
that

i , 8
Bllalleliolle + Nl < i

forall ¢ € Z(L léllw < p. A sufficient condition for this to hold is that

3allop + 9% < 2
wp+ P’ S o

The largest positive p which satisfies this inequality is given by

el apa +.,/Glal e ) (i -2 1) so
== |-3la a — | ==la —— 1] >
=3 @ o T ) T e 9C a3

For the part (P7), we integrate (5.1) via the multi-step scheme introduced in Sect. 4 to prove
that ||la(tx) — all, < £ holds for some tx > 0. To perform this, we denote NV (a) = — @)k
in (2.4). The Fréchet derivative of N ata is givenby DA (a)¢ = —3 (&2 * ¢)) = —3(axaxq)
for¢ € K}o because of the fact

INV(a+¢) —N(@ — DN(@)¢ll,

lim < lim (3|a + 16112) = 0.
$llo—>0 llle ||q>uw—>0( lalo 9l +141)

Then the function g satisfying (2.12) is given by g(||¥]lo») = 3||1p||§) for Y € Z(L. If we
take ¥ = a(t) for a fixed ¢, this g can also be expressed as g(||la(?)|l») = 3||Z12(t)||w. This
is because that a2(¢) is finite-dimensional sequence in the Fourier dimensions. In addition,
a() € Zzofl holds from its finiteness. From Lemma B.2, if we set ¢ = ¢ ¢ Z(L and

a=a*(t) € £2°, in (B.2), it follows that

’(&2(1‘) * c(°°)>

_ ~1 (00)
< max aj_,(D|w ) lc*™ Nl w
k‘ <|z|eFk+2N_1\Fm| ke Oy ’
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where N is the size of the Fourier dimension of a. Let
- d
W (a%(n) =

Using this notation, it follows from (3.3) that

Hn<'">DN(a(t))c<°°> Hw =3 Z ‘(le(t) % c<00>)k‘ -

-2
max a;_,t)|w
\t|eFk+2N_1\Fm‘ k-]

<3sup Z W (@) k[l -
ret keFy,

Therefore, the constant SnJL oo Satisfying (3.15) is given by

2(n—1)

=3 Z Z|‘sz ) @k

0=0 keFy

where W  (a*) denotes the Chebyshev coefficients of W (a*(#)). Similarly, we have for
k ¢ F

(&2(t) % c<'">)k - 3 @), k-

ki+k
\k]l|—iE_F22N 1\Fl [k2|€ Fin

To get the é‘ojo_ » bound satisfying (3.16), we have from the Banach algebra property

[ad— ) pxG@o™| =33 |(@0c™) |0
k¢ Fp

=3 Z Z (le(t))kl Cky | Wk
k¢ Fum

ki+k,=k
|k1|€eFan—1\F1, |ka|€Fp

<3 > @) ek | 1™ o

keFan_1\F1
Hence, we obtain £Z, ,, in (3.16) as

2n—1)

=3 Z Z ‘(az)z,k‘ @k

=0 kEFZN_1\F1

where (&2) ok also denotes the Chebyshev coefficients of ( 2 (t)) . Finally, recalling Remark
3.16, we have L; (0) =30 (2llallx + o) in Theorem 3.15.

Our integrator based on Theorem 4.3 proves that there exists a solution of Swift—
Hohenberg equation (5.14) in Bk (a, 0y) defined in (4.8). Then we rigorously compute the
error bound at the end point, say 0, by (4.12). We verify that the solution is in the trapping
region via the following inequality:

la’® (1x) — allw < lla’® (tx) — @’% (tk)llo + @K (1) — all

- ~ 14
<ok +la’@x) —al, < c
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The second term in the last inequality is rigorously computable via the result of computer-
assisted proofs for the equiliubrium based on interval arithmetic. Consequently, if the last
inequality holds, then we have a computer-assisted proof of global existence of the solution to
Swift—Hohenberg equation (5.14) for the part (P8). We note that, while the global existence
of solutions of the Swift—-Hohenberg equation is already established, our numerical integrator
enables us to begin with any initial condition far from equilibrium, without prior knowledge
of the equilibrium to which it will converge. Moreover, our method is not restricted to gradient
systems and could potentially be applied to more complex problems.

5.3.1 3D Swift-Hohenberg Equation

From now on, we fix 0 = 0.04 in the 3D case of (5.14). We set N = (4, 4, 4) for the size
of Fourier and m = (2, 1, 1) for the Fourier projection to obtain the solution map shown in
Sect.3.1. We also set v = 1 for the £} norm. As shown in Fig. If, we have a stable (stripe
pattern) equilibrium of Swift—-Hohenberg equation (5.14) via the tools of computer-assisted
proofs. The explicit construction of the constants C and A introduced in Sect. 5.2 yields that
C = 1.0216 and A = 0.0799 for the part (P3). The largest positive p defined in Sect.5.3 is
obtained as p = 0.0988 (the part (P6)). Therefore, our target neighborhood of the equilibrium
is p/C = 0.0967.
The initial data is set as

uo(x) = ) kg cos(ki Lix) cos(kpLaxz) cos(ksL3xs)
k>0

with

—0.005, k=(1,0,0), (0,1,0), (0,0, 1)
Pk = . .
0, otherwise

Setting t; = 0.25, our rigorous integrator proves that the solution of the IVP of (5.14) exists
at least to rg = 71.75 (K = 287). The resulting error bound @ via Theorem 4.3 is given by

sup  Jla(r) — a(t)||, < 4.7241-107 = g,.
te(0,71.75]

In this case we also obtain @ = 4.7241 - 107°. The value of ox + [|@a’¥ (tx) — @lls is
bounded by 0.0962, which is less than p/C. Hence, for the part (P8), the proof of global
existence of the solution to the Swift—-Hohenberg equation (5.14) is completed.

Several profiles of the solution are presented in Fig. 1, demonstrating that the evolution-
ary behavior of the solution undergoes significant changes within the 3D prism domain.
We believe that such a capability to visualize the solution’s evolution in a higher domain,
underpinned by mathematical proof, provides a new perspective of pattern dynamics.

5.3.2 2D Swift-Hohenberg Equation

Next let us consider the 2D case of Swift-Hohenberg equation (5.14). The parameter is fixed
as o = 3. Computational parameters are set by N = (12, 12), m = (3, 3), vp = 1.0. Our
tool of computer-assisted proofs obtains two stable equilibria of Swift-Hohenberg equation
(5.14) shown in Fig.2. Both equilibria are asymptotically stable. We apply the provided
approach of computer-assisted proofs for existence of global in time solutions.
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-0.015
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(a) Initial data (to = 0). (b) After 50 steps (t25 = 12.5).

0.03
0.02

0.05
0.04
0.03
0.02

10.01

10.01

-0.01
-0.01

-0.02
-0.02 -0.03
-0.04

-0.05

-0.03

(c) After 100 steps (t100 = 25).

0.1

0.05

-0.05

(e) After 287 steps (tog7 = 71.75). (f) Profile of stable equilibrium (stripe pattern)

Fig.1 The profiles of solution to the 3D Swift—-Hohenberg: From the initial data (a), our integrator proves the
existence of solution locally in time. Afteri (i = 25, 100, 150, ... ) steps, the time evolution of solution profile
is fully changed in the 3D prism domain. Consequently, after 287 steps, we verified that the exact solution
enclosure is in the trapping region in the part (P7) of Procedure 5.2. Therefore, we proved that there exists a
global in time solution from the initial data (a) to the stripe pattern equilibrium (f)

Stripe pattern equilibrium. The constants C and A are determined by C = 2.7295 and
A = 1.9406, respectively. The largest positive value of p introduced in Sect. 5.3 is identified
as p = 0.1138. This leads the radius of our target neighborhood near the equilibrium solution,
given as p/C = 0.0416. The initial data uo(x) we used here is plotted in Fig.3a. Using
the provided integrator, we achieve a rigorous inclusion of the solution for the IVP up to
tx = 1.4141 (where K = 181), by setting 7; = 7.8125 - 103G=12,....,K) uniformly
for each step.
The resulting error bound g is given by

sup  la(r) — a()|le < 2.9081-107° = g,.
1€(0,1.4141]
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(a) Stripe pattern equilibrium @, (z). (b) Spot pattern equilibrium s (z).

Fig. 2 Profiles of two stable equilibria of the 2D Swift-Hohenberg equation: a Stripe pattern equilibrium
solution i1 (x) and b spot pattern equilibrium solution 7 (x)

2
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25 15 ] -
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0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2
zy 1

(a) The initial data ug(z). (b) Plot of @ (z) — ug(z).

Fig. 3 The initial data uq(x) and the difference between the stable stripe pattern equilibrium solution i1 (x)
and ug(x): to demonstrate computer-assisted proofs for global existence beyond the neighborhood of the
equilibrium solution, our integrator is essential for capturing variations in the solution profile

The @ ¢ bound is obtained by @ x = 2.6919-10~°. Recalling the part (P7) of Procedure 5.2, the
value of 9 g + lla’« (tx) — ||, is bounded by 0.0414. This is definitely less than p/C. There-
fore, we have a computer-assisted proof of global existence of the solution asymptotically
converging to the stripe pettern equilibrium solution plotted in Fig. 2a.

As shown in Fig. 3b, there is a substantial difference between the equilibrium solution
1 (x) and the initial data ug(x) in this case. Consequently, our rigorous integrator plays
a crucial role in providing computer-assisted proofs for the global existence of solutions
originating from initial data, particularly those distant from the neighborhood of equilibria.
Spot pattern equilibrium. Let us consider another solution converging to the spot pattern
equilibrium solution in Fig.2b. In this case, the values of C and A are determined to be
C = 6.7813 and 1 = 0.3505, respectively. The largest positive p is found to be p = 0.0046.
Consequently, these values lead to a radius of the target neighborhood around the equilibrium,
calculated as p/C = 6.746 - 10~%. The initial data, denoted by uo(x), is plotted in Fig. 4a,
which is slightly close to the target equilibrium solution. Nevertheless, the integrator helps
us to propagate the rigorous inclusion of the solution into the trapping region. In other words,
without the integrator, the global existence of the solution cannot be proved. The integration
is carried out until 1x = 0.375 (with K = 12), setting 7; = 3.125 - 1072 i=1,2,...,K).
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(a) The initial data ug(z). (b) Plot of ag(z) — uo(x).

Fig.4 The initial data ug(x) and the difference between the stable spot pattern equilibrium solution i (x) and
uq(x): the initial data is close to the equilibrium solution but it is still out of the trapping region. Our integrator
is necessary to bring the rigorous inclusion of the solution into the trapping region

The error bound g, in Theorem 4.3 is obtained by

sup  Jla(t) — a()ll, < 1.2099 - 1070 = g,.
t€(0,0.375]

The g boundis @x = 9.6731-1077. Then the value of g + ||a’% (tx) — ||, is bounded by
6.669 - 10~ This value is less than p/C. From Theorem 5.1, there exists a solution globally
in time, which converges to the spot pattern equilibrium solution.

A notable aspect of this result is that the global existence of the solution has only been
proved for initial values close to the equilibrium solution. The reason is the exceptionally
small trapping region required for proving global existence, which is related to the stability
of this equilibrium solution. In other words, this equilibrium solution has a slow stable
manifold, and on such a slow manifold the rigorous integrator is difficult to succeed for a
long time period. To successfully demonstrate computer-assisted proofs for global existence
from initial values further from the equilibrium, it is necessary to progressively adjust the step
size t; of each time step. Or the accuracy of the approximate solution needs to be improved,
which leads to smaller bounds 87 and &’i in Theorem 4.3. These improvements should be
positioned as future works.

6 Application to the Ohta-Kawasaki Equation

In this section, as the second application of the provided integrator, we consider the 2D
Ohta—Kawasaki equation

Uy = —A (ezAu—i—u—uS)—a(u—m) 6.1

which is a nonlinear PDE used in the study of microphase separation in diblock copolymers,
and which is pivotal in material science for predicting and understanding the self-organizing
structures in soft condensed matter systems. Developed by Ohta and Kawasaki [57], it models
the complex pattern formation in polymer blends, driven by the balance between entropic
effects and chemical incompatibility. Note that the Ohta—Kawasaki equation (6.1) has been
studied recently with the tools of rigorous numerics, including constructive computer-assisted
proofs of existence of steady states [14, 56, 58, 59] and connecting orbits [60].
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In this paper, we set € = 0.4, 0 = 1, m = 0 (the average of solution, i.e., ‘lﬁ‘ fQ u(x)dx)
and consider the equation (6.1) under the homogeneous Neumann boundary condition on
the 2D rectangle domain [0, 7 /L] x [0, w/L>] with (L1, L) = (1, 1.1). We note that the
average of solution denoted by m is conserved for any time. In other words, the zero mode
of the Fourier coefficient is fixed as m = 0 in this example. Using the general notation (1.1),
o= —0,r =—1, A = —€Xand APN(u) = A@?) (thatis p = 1 and N (u) = u3). The
corresponding ODEs (2.4) for the time-dependent Fourier coefficients is given by

ag(t) = (—o + (kL)* — €2 (kL)*) ax(t) — (kL)*(a(t)* ).

Setting ux = —o + (kL)> — €2(kL)*, g = 2p = 2, and Ny (a) = (a®) in the framework,
we integrate (2.4) via the multi-step scheme in Sect. 4 until some rx > 0.

Unlike the earlier Swift—-Hohenberg cases, achieving rigorous integration of the Ohta—
Kawasaki equation for long time tx is challenging. This difficulty primarily arises from
the wrapping effect encountered in rigorous forward-time integration, which stems from the
overestimation of several bounds presented in Sect. 3. Therefore, for successful integration
up to a large tg, it is essential to carefully choose the time steps J; as defined in Sect.4.
In other words, a meticulous partitioning of the time interval [0, 7x] allows for long-time
integration. Thus, we employed an “adaptive” procedure based on the error bound at the
end point of each time step, as introduced in Sect.4.2. The step sizes t; of time steps are
automatically adjusted to ensure that the ratio of the error bound at r = #;_; to the one at
t=t({=1,2,...,K)does not exceed a predetermined threshold, set in this case to 1.2.

Note that while this “adaptive” procedure is similar to the time-stepping method, the
resulting validated error bound is obtained all at once over the entire time interval [0, 7k ].
This approach corresponds to the multi-step method introduced in Sect. 4, rather than the
standard step-by-step procedure.

The Fréchet derivative of N at a is the same as that of Swift-Hohenberg, given by
DN(a)p = 3 (512 * ¢>) for ¢ € .. Accordingly, the function g satisfying (2.12) is also
the same. As a result, Enjwo and Sojo,m bounds and L;(0) = 30 (2||lalx + o) in Theorem
3.15 are equal to those previously determined. The main difference from the case of the
Swift—-Hohenberg equation in the previous section is the derivative at the nonlinear term. We
set vp = 1.001, y = 0.5, and £ = 0.8 in Sect.3.1. The other computational parameters are
determined by N = (12, 12) and m = (3, 3).

6.1 Computer-Assisted Proofs

We consider two initial data, whose time evolutionary solution profiles go to different
stationary states as shown in Fig. 5. Such two initial datum are given by the form

uy@) = ) ar(@rcostkiLixi) cos(kaLoxa), i =1.2

k>0
with
0.002, k=(2,0) -0.02, k=(1,0)
@he=1002, k=01, @N=140001, k=(1. (62
0, otherwise 0, otherwise

Stripe pattern state. Set the initial data as @' in (6.2). We chose the step size 7; at each time
step J;, as illustrated in Fig. 6a. Resulting computer-assisted proof assures that the solution
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HI==

a) Stripe pattern stationary state. (b) Spot pattern stationary state.

Fig. 5 Two stationary states of the 2D Ohta—Kawasaki equation (6.1): From the different initial data ¢’
(i =1, 2)in (6.2), the solution profile changes to each stationary state. Such an asymptotic dynamics of (6.1)
is determined by the parameters € and m (see, e.g., [58, 59] for more details)

of the IVP of (6.1) exists at least to tx = 8.4666 (K = 194). The rigorous error bound g
via Theorem 4.3 satisfies

sup  lla(t) — @)l < 1.299 = g.
1€(0,8.4666]

We also have g = 1.2838.

The results shown in Fig.6a and c indicate that after about 100 steps, while using a

smaller step size helps to control the increasing error bound to some extent, such error bound
becomes larger and more difficult to handle. Eventually, this error escalation makes the
hypothesis of Theorem 4.3 unverifiable. However, our result marks the first implementation of
rigorous integration method for time-dependent PDEs in higher spatial dimensions, including
nonlinear terms with derivatives. We believe that this method constitutes a significant advance
in the methodology of rigorous forward integration for PDEs and demonstrates satisfactory
performance as a rigorous integrator.
Spot pattern state. Setting the initial data as ¢? in (6.2), the choice of the step size is
displayed in Fig. 6b. Computer-assisted proofs verifying the existence of a solution for the
IVP of (6.1) succeeded up to tx = 9.0577 (with K = 216). The rigorous error bound g, as
in Theorem 4.3, is confirmed to satisfy the following inequality:

sup  lla(t) — @)l <2.0778 = gy,
1€(0,9.0577]

Notably, o at the final step is obtained as 2.0647.

Figure 6¢ also shows the escalation of the error bounds, due to the wrapping effect. In
this case, the error bound is slightly smaller than that of the previous (stripe pattern) case,
indicating the success of the integrator over more multiple time steps. To achieve successful
long-time rigorous integration, it is necessary either to make the step size more reasonable,
as discussed at the end of Sect.5.3.2, or to reduce the defects at each time step.

We conclude this section by mentioning that while it would be natural to consider a
computer-assisted proof for global existence in the Ohta—Kawasaki equation, as was done in
Sect. 5 for Swift—-Hohenberg, this would require introducing a nontrivial construction for the
trapping region (as the one used in the paper [30, 31]), and therefore we do not follow this
path here.
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(c) Error bounds gg on [0,¢]: Blue/red presents the case of stripe/spot pattern, respectively.

Fig. 6 Computational results of rigorous integration for the Ohta—Kawasaki equation (6.1): Results of the
adjusted step size are shown in a, b. In both cases, the initial step size was set to 71 = 0.0625. After about
100 time steps, smaller step sizes were chosen to control the wrapping effect of the rigorous enclosure. This
wrapping effect arises from an overestimation of the uniform bounds for the evolution operator presented in
Sect.3.1. By using Theorem 4.3, the rigorous error bound displayed in ¢ was obtained all at once over the
entire interval [0, #]. Note that these results were not obtained using a step-by-step procedure
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Conclusion

In this paper, we have developed a general constructive method to compute solutions for I[VPs
of semilinear parabolic PDEs. Our approach combines the principles of semigroup theory
with the practicality of computer-assisted proofs. A feature of our approach over the ordinary
mathematical-analytic approach is the Fourier—Chebyshev series expansion, which derives
a numerical candidate for the solution, thereby enhancing computational accessibility and
feasibility. We have constructed a two-component zero-finding problem as a direct derivation
from the original PDEs. To bring in the fixed-point argument, we have introduced a Newton-
like operator at the numerically approximated solution. Central to our approach is the use of
the evolution operator, which is the solution map for linearized equations at the numerical
approximation. By inverting the linearized operator “by hand”, the Newton-like operator
is effectively derived in a more direct way. The existence and local uniqueness of the fixed
point of the Newton-like operator, together with its rigorously determined bounds, provide the
rigorous inclusion of the solution to the I[VPs. Computer-assisted proof is done by numerically
verifying the hypothesis of the contraction mapping via interval arithmetic.

We have further generalized our approach to a multi-step scheme that extends the existence
time of solutions to IVPs. This involves considering a coupled system of the zero-finding prob-
lem over multiple time steps, where the Newton-like operator at numerically approximated
solution is derived by constructing the inverse of the linearized operator. By numerically
validating the hypothesis that the Newton-like operator becomes the contraction map, we
obtain a rigorous inclusion of the solution over these multiple time steps. This multi-step
approach should enhance the applicability of our approach not only for IVPs but also for
boundary value problems in time, which is the subject of future studies.

Constructing the trapping region based on the mechanism of convergence towards asymp-
totically stable equilibria, we have also presented proofs of global existence of solutions to
three-dimensional PDEs (Swift—-Hohenberg) converging to a nontrivial equilibrium. This is
the first instance of CAPs being applied to global existence of solutions to 3D PDEs, offering
a new perspective in the field. Moreover, our integrator has been applied to the 2D Ohta—
Kawasaki equation, dealing with derivatives in the nonlinear terms. The multi-step scheme,
together with the smoothing property of the evolution operator, has allowed for some effective
control of the wrapping effect, and long-time rigorous forward integration has been success-
fully achieved. Our study not only contributes to the theoretical aspects of these equations but
also provides practical tools and methods for computer-assisted proofs for their resolutions,
opening new avenues for study and application in the field of computer-assisted proofs.

We conclude this paper by highlighting several potential extensions of our rigorous inte-
grator. First, our approach provides a cost-effective way to implement computer-assisted
proofs for multi-steps. This aspect is particularly noteworthy because it allows the linearized
problems to be solved independently and a priori at each time step, making the process
naturally parallelizable and keeping the computational cost additive rather than multiplica-
tive. In other words, the manual inversion of the linearized operator, a critical part of our
approach, significantly reduces the computational complexity by avoiding the inversion of
large finite-dimensional matrices. We believe this feature could be beneficial in studying
boundary value problems over time (such as periodic orbits and connecting orbits), which is
a topic for exploration in future research.

Second, exploring beyond the spatial domain assumption (rectangular domain) is an inter-
esting direction of this study. For example, it is worth considering the potential of extending
computer-assisted proofs to the time-dependent PDEs on more complicated domains, such as
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disks/spheres, etc. This would require suitable basis functions to approximate solutions satis-
fying boundary conditions. For effective computer-assisted proofs, the property of geometric
decay for the coefficients of the series expansion (such as Fourier/Chebyshev) is desirable,
and the property of Banach algebra for discrete convolutions is useful for handling function
products.

Finally, a challenging application of our approach lies in addressing the incompressible
3D Navier-Stokes equation on the domain T>. Here, we could use the Fourier setting of
the vector fields as described in [15] to construct the associated infinite-dimensional ODEs.
One could also obtain a trapping region of the solution asymptotic to the stable equilibrium
(zero) solution. Achieving computer-assisted proofs for such complex equations is one of
the ultimate goals in this line of research.

Appendix A: Chebyshev Interpolation for the Integrator

In this appendix, we briefly explain how one constructs an approximate solution
( (N) (t)) in (2.6) using Chebyshev polynomials of the first kind defined by

To(t) & cos(06), 6 = arccos(r), £ > 0.

The Chebyshev polynomial expansion is called Fourier cosine series in disguise [61], that
is, the change of variables by ¢ = cos & makes both series expansions equivalent. We recall
the approximate solution a®¥) in (2.6) denoted by

n—1
G () = aok +2) ackTe(0).
=1
Here the Chebyshev coefficients (ay ) ¢<n, arerepresented by the d + 1 dimensional (finite)

keF, N
tensor. To get such Chebyshev coefficients by numerics, we use the form

n—1

(N _ _

a™ (1) = Gox +2) agsTe(r)
=1
n—1

=dok+2)  agcosto)
=1
= Z C_lg,keiw (with the cosine symmetry: a_g x = ag.k).
|€|<n
The coefficients can be computed via the FFT algorithm using the form

2n-3
i i
aek——z a(tj)e ™1, |t <n, ke Fy,

where t; is the Chebyshev points (of the second kind) of the n th order Chebyshev polynomial
defined by ¢; © os ( /1).

Practically, we numerically compute the solution &,(‘N) () of the truncated system (2.5) by

a certain numerical integrator (e.g., MATLAB’s ode113/odel5s or exponential integrator

~(N)

etdrk4 [62]). Then we evaluate the function value of @, "’ at ¢; and transform these values
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into the Chebyshev coefficients via the FFT. To fix the size n, we use a truncation method
proposed in [62] to chop the Chebyshev series by an appropriate size. Using the explicit
construction of the Chebyshev coefficients described above, one can define the coefficients
of the approximate solution a in (2.6) and rigorously compute the ¢ and § bounds described
in Sect.3.2.

Appendix B: Functional Analytic Background

Let us define another sequence space as

def def —1
o= {a = (ai)k=0 : ak € C, llallo -1 = suplakloy; < +OO} : (B.1)
k>0

w

It easily sees that this space is isometrically isomorphism to the dual space of ¢, defined
in (2.8), that is (630)* = EZ‘ZI. This fact is an analogy of the relation between the classical
ell-one space and ell-infinity space.

LemmaB.1 Suppose that c € ¢} and a € €>°,. Then

> akck| < llallog -1 licllo-

k>0
Proof Fora € €7, and k > 0 it follows from the definition of the weighted supremum norm
in (B.1) that

lak|
— < lallpo,-1-

Therefore, we have

> aker| =Y lexllax]

k>0 k>0

<Y (lalloo, o1 k) lexl

k>0

= llalloo,o-1llcllw-

m}

Using Lemma B.1, we have an estimate of the discrete convolution defined in (2.10) for
cetyanda €€

Lemma B.2 Suppose that c € 6(]1, and a € 6;’)0_1. Then

w;}} lielle (B.2)

|(a*c)k|smax{|ak|, sup |az_p
|K'|¢Fy

holds for k > 0.

Proof For k > 0, it follows from (2.10) and Lemma B.1 that

@ Springer



62 Page 58 of 66 Journal of Scientific Computing (2025) 102:62

[(a*c)yl = Z Ap—' '

k'eZd

lakllcol + Y |ag_p

k' |¢ Fy

IA

Ck/|

-1
< max {Iakl, sup |ak—g, | wlk’l} llclle-
|k'|¢ Fy

Appendix C: Proof of Corollary 3.4 and Each Bound
Lemma C.1 Under the same assumption of Theorem 3.9, the unique solution of

t
() = L= 4 / £ (1d — T™)QDN @a(r)e'™ (rdr  (C.1)

N

exists for all ¢ € L. Then the following estimate of the evolution operator U (¢, s) holds
|09, 96| <wus5|e@] | vped,
w w

where W) (t, 5) is defined by

w () (t,s) def e—(l—é)lﬂ*|(f—S)+Coog(H51H)(l—s)lfy/(l—y). (C2)
Proof From Theorem 3.9, the unique solution of (C.1) exists and it yields that

t
[ (1)l < e #9119, + / Coo(t — )77 e ImBU=1) 6 (1) 10 (1) || i,

S
where g(r) is the same as that in the proof in Theorem 3.9. Letting

y(1) & =81l =9 () (1) |, it follows that

t
y(t) < e Ellt=9) )y Oy / (t —r) 7 g(r)y(rydr.

From the Gronwall’s inequality we have

t
y(®) < 197l exp (coo / (t — rryg(r)dr) :
N
This directly yields the bound (C.2). O

Lemma C.2 Letting

 Caglla i
= =0l 7= SRy~ cogdanBa -y -y,

rewrite W (¢, s) in (C.2) and Wq(oo) (t,s) in (3.45) as e~ =9+ =" gug Coo(t —

; 1= . —S —/S
§) Ve tU=TIE=)" pospectively. Define the constants WS >0, W >0, Woofq >0,
—/Sy

w >0as

00,q
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def Fel-v
Wo‘zf =7

—T
—Sydef (1 —e Fely
W, =—])e
o0 t

I-y
w7/ S7 def 12 wrl-v
Weoa = (1 - V) Coce

:/Sj dﬁf -[2_V C
T 1-p)R—y) ~

respectively. Then these bounds obey the inequalities (3.24), (3.25), (3.26), and (3.27).

A (C3)

Proof First, it follows from (C.2) that

sup W(OO)(t,s) = sup e*t([*.?)%»l?(l—s)l*l/ < ezhlfy _ Wo%]'
(t,8)€Sy (t,5)€Sy

Second, we note that

1 t
L
sup W (r, s)dr = sup / e rTIRI=0 T g

(I,S)ESJ N (I,S)GSJ N
- t
< sup eﬂ(z—s)l’l’/ et =9 4,
([,S)GSJ S
. - 1— e—L(I—S) _s
< sup ST —— | <W
(t,8)€Sy L
and that
t t
sup W;oo)(t,r)dr: sup /Coo(t—r)_”e—l(f—r>+z9(t—r)' Y dr
(t,5)€Sy Js (t,)€Sy Js

t
< Co sUp PAGOE V/ (t—r) Vet U="gr
N

(t.s)eSy
— Ol
ol (= —S
<Cs sup e’ =977 < W;O{q.
(t.5)€S) -y

Third, note that

t r t r
sup f / Wq(oo) (r,o)dodr = sup / / Coo(r — g)—ye—t(r—d)w(r—a)l‘Vdadr
(t,5)eSy Js Js (t,5)eSy Js Js

t r
< Cs sup /e“’*-?)l'V/ (r—o0)7e " Ddodr
s s

(t.5)eS,
! S (r =Y
<Cx sup / =) yidr
(t.5)eSy Js -y
C S (=5)rY =S
< 0 sup ez?(t—s)] v ( ) < Oo/q'
L =¥ ¢s)es; 2—y ’

Finally, we have

t t
sup Wq(oo) (t,r)(r —s)dr = sup / Coo(t — ;")_Ve_‘(’_r)'w(’_r)1 "(r = s)dr
(t.5)eSy Vs (t.5)eSy Js
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t
< Cx sup eﬁ(’_s)wv/ ¢ —r)V(r—s)dr
N

(t,S)ESJ
_ —5)27 —/S
< Cs sup =)' (rt—s) < Woojq~
(t,5)eSy I=-2-y) ’

[m}

Proof of Corollary 3.4 Taking the Z}U norm of b(t), it follows from (3.10), (3.15), (3.16) and
(3.23) that

1B™ @)l < Wi l6™ o + Wit & / 16 ()
s
15 @)l < W1, )16 Nl + €L f t W@, )16 () llwdr .
s
Plugging each estimate in the other one, we obtain
[pm @] = wale™ i,
+ WELEN o /st <W<°°>(r, Nl + EL /S W (r, G)IIb(m)(a)deJ) dr
< Wbl o+ WS Wl &) N6l + W,ffqﬁ;iqu,ﬁmggo’m||b<m>||
and

t r
S
+Eom / W, r) (Wmfollqb('")nw + Wit & o / ||b‘°°>(o>||wdo) dr
s K

16 ()]l < W (2, 5) 16|

S; /S —/Sy
< WO NG o + Wy G Wy € 6™ o + Wity W € o0 m 161

. - S —S
Since & = 1— Wy, W
we have

Oofq 54,00 Coo > 0 holds from the sufficient condition of Theorem 3.2,

S Sy 7S
W ol ™ Nl + Wiy W £ 16

1™ <
K
S S; /S
< 2 _

Therefore, it follows that

161 < 16 + 15
(o "amets) (ol
W Weadly Coo ws lv 1,

< WS |1 ¢ |-

=i !

1
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Appendix D: Computer-Assisted Proofs for the Equilibria Problems in
Swift—-Hohenberg

From (2.4), it is easy to see that the Chebyshev expansion of the equilibrium correspond to
the solution of the zero finding problem:

Fy(a) = pgag + Ni(a).

To prove the existence of a solution, we will used a Newton—Kantorovich argument by using
the following Theorem.

Theorem D.1 Let X and Y be Banach spaces and F : X — Y be a Fréchet differentiable
mapping. Suppose ¥ € X, AT € B(X,Y) and A € B(X,Y). Moreover assume that A
is injective. Let Yo, Zo and Z1 be positive constants and Z, : (0,00) — [0, 00) be a
non-negative function satisfying

JAF)|x < Yo,
I1d — AAT||Bx) < Zo.
IAIDF () — A'lllpx) < Z1,
and
IA[DF(c) — DF()]1llpx) < Z2(r)r, forall ce B, (X) and all r > 0.
Define
p(r) = Zo(r)r* — (1 = Zo — Z)r + Yo

If there exists ro > 0 such that p(ro) < 0, then there exists a unique X € By, (X) satisfying
F(x)=0.

We notice that Theorem D.1 is a variation of Theorem 3.6 for a non linear map. If @ € £} is
the solution such that F'(a) = 0 and let a be a numerical approximation such that F'(a) ~ 0.
Using Theorem D.1, we will prove there exists a r > 0 such that a € B, (a) similarly as we
did in section 3.1.1. Let m = {m, ..., my} be the size of the finite set F,,, we define

@), . def | urag + Ng(a), ifk € Fp,
P (")_{0, ifk ¢ Fp.

Let h € £}, we define the operators AT : ¢} — ¢! and A : ¢} — ¢} by

; m) (z)p(m) i
Kihk, ifk ¢ F,

and

(Amy { (AMpmyifk € Fy,
T ifk ¢ F,

where A™) is the numerical inverse of D F ™ (7). We can now compute the bounds Yy, Zo, Z;

and Z; from Theorem D.1.

The bound Y. The bounds Yy can be define by the inequality

1

I(AF@)llo = 1A™F™ @)y + Y |—Ni(@

k¢ Fy,

Wk
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1
<A F™ @)+ sup — | 3 INk(@ 0k E Yo
k¢Fy |1kl oy

Since the nonlinear term Ng(a) is a polynomial and (@) = O for all k ¢ F,,, the sum in
the second term of the inequality is finite and can be rigorously computed using interval
arithmetic. def

The bound Zy. Leth € ¢ CIU, the operator B =1—AATis given component-wise by
(1d™ — A™ DF™ @)) h™ k€ Fp,

(BR)e = {0, k ¢ Fp.

Then, the computation of Z is finite and given by

- def
1Bl gy = 11d™ — A™ DF™ @)l 31, = Zo.

The bound Z;. For any & € B1(0), let

< DFG) — AT

which is given component-wise by

_ | (DN@) % h>), k€ Fpu,
~ | (DN@) xh)y k ¢ F.

To simplify the notation of the bound Z, lets us first define component-wise uniform bounds
2x for k € F,,. We find

|zk| = ‘(DN(&) *h(oo)) ‘ < max
k jeNd

{ (DN(@))r—; } def »
—— =%

wj

Since a is finite and DN is polynomial, the computation of Z is also finite and computed
similarly as in Sect. 3.1.1. We also need to find bounds for the tails given by

ATzl = >

k¢F,,

L (DN (a) * h)y,
k

1 _
wr < sup (—) IDN @)l gy -
k¢ Fn |4kl ¢

Let the linear operator |A| represents the absolute value component-wise of A, then

IAIDF (%) — ATl gy = sup [Azlo,

o=l

sup | Y 1(Adklox + 147z, |
Il \ yer,

IA

. 1 i}
1AM 7™z, + sup (—) IDN (@)l g1y
keFn \ K] ¢

A 1 _ def
< A 7™z, + sup (—) 3122, < 7.
k¢ Fp \ 1kl

The bound Z;,. Leth € ZC]U with ||k||, < 1 and ¢ € B,(a), we define

Yy (DF(c) - DF@)h
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Table 1 Bounds of the Swift-Hohenberg equilibria from Sects. 5.3.1 and 5.3.2

Equilibrium Yo Zy Z Z5(r) r

3D 3.0086 - 108 1.1275-10711  0.0025  0.0469r +0.0217  3.0161-1078

2D (Stripe) 24471-10711  3.0407-10710  0.0013  0.0003r +0.0013  2.4502-10~!!
2D (Spot) 1324010710 3.0407-10710  0.0024  0.0003r +0.0024  1.3271-10"10

given component-wise by
Yk = =3[(c* —a*) * hlx = =3[(c + @) * (c — @) * h]x.
Since, ¢ € B,(a), there exists ahe B1(0) such thatc = a + rh and we can bound y by
IYlo = 3ll(c +a) * (c — @) * o,
=3r(|2a + rh) % h * h| o,
<37 (2lallo + o) Nillollilo.
<3rQlalle +r).
Then, we have
|AIDF(c) = DF(@)]1hllo = | Ayllw,
= 1Al g1 1Yo,
_ def
< 3rl|All gy Qlall +r) S Za(ryr.

Using interval arithmetic in MATLAB, we can rigorously compute the bounds Yy, Zo, Z;
and Z;(r) and by using Theorem D.1, we can find a r > 0 such thata € B, (a).

Finally, we list up the bounds for computer-assisted proofs of the equilibrium solution to
the Swift-Hohenberg equation in the following Table 1.
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