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Abstract

In this paper we propose a rigorous numerical technique for the compu-
tation of symmetric connecting orbits for ordinary differential equations.
The idea is to solve a projected boundary value problem (BVP) in a func-
tion space via a fixed point argument. The formulation of the projected
BVP involves a high-order parameterization of the invariant manifolds at
the steady states. Using this parameterization, one can obtain explicit
exponential asymptotic bounds for the coefficients of the expansion of the
manifolds. Combining these bounds with piecewise linear approximations,
one can construct a contraction in a function space whose unique fixed
point corresponds to the wanted connecting orbit. We have implemented
the method to demonstrate its effectiveness, and we have used it to prove
the existence of a family of even homoclinic orbits for the Gray-Scott
system.

1 Introduction

Equilibria, periodic orbits, connecting orbits and more generally invariant man-
ifolds are the fundamental components through which much of the structure of
the dynamics of nonlinear differential equations is explained. Thus it is not sur-
prising that there is a vast literature on numerical techniques for approximating
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these objects. In particular, the last thirty years has witnessed a strong interest
in developing computational methods for connecting orbits [5, 10, 12, 14, 15, 21].
As mentioned in [13], most algorithms for computing heteroclinic or homoclinic
orbits reduce the question to solving a boundary value problem on a finite inter-
val where the boundary conditions are given in terms of linear or higher order
approximations of invariant manifolds near the steady states. We adopt the
same philosophy in this paper. The novelty of our approach is that our compu-
tational techniques provide existence results and bounds on approximations that
are mathematically rigorous. We hasten to add that a variety of authors have
already developed methods that involve a combination of interval arithmetic
with analytical and topological tools and provide proofs for the existence of ho-
moclinic and heteroclinic solutions to differential equations [29, 24, 33, 6, 34].
However, the combination of techniques we propose appears to be unique, per-
haps because our approach is being developed with additional goals in mind.
We return to this point later.

For the sake of clarity in this paper we have chosen to restrict our attention
to proving the existence of symmetric connecting orbits for systems of coupled
second order equations

d*u
a2 U (u), (1)
where u € R™. Rescaling time by a factor L > 0, leads to
2
U 2w (2)

dat?
with the boundary conditions

lim wu(t) = u® € R",
t—+oo

For simplicity we represent the symmetry condition by
G(u(0),u'(0)) =0, (3)

where the case G(u(0),u'(0)) = «'(0) corresponds to looking for even homoclinic
orbits and the case G(u(0),u’(0)) = u(0) corresponds to looking for odd hetero-
clinic orbits when ¥(—u) = ¥(u), but a mixture is also possible. The standard
trick of defining & = v’ € R™ reduces (2) to a 2n-dimensional first order system

{Zi%mw (4)

We assume that 7 = (u™,0) € R?" is a hyperbolic equilibrium for (4) with a
stable manifold W*(g) of dimension n.
Observe that we have reduced the problem of looking for a symmetric con-
necting orbit to the afore mentioned boundary value problem:
d2
;ﬁzﬁww»mmm
G(u(0),w(0)) =0, )

;u'(0))
(u(1),4/(1)) € W*(7).



There is a variety of ways in which one can obtain rigorous numerical approx-
imations of the stable manifold, e.g. [36]. We make use of the parameterization
method for invariant manifolds introduced in [7, 8, 9]. This method facilitates
efficient, high order approximation of local stable and unstable manifolds asso-
ciated with the hyperbolic directions of equilibria of vector fields. We present a
concise, general introduction to the parameterization method that is meant to
serve as a reference not only for the particular systems considered in this paper,
but also for future applications. Theoretical aspects of the parameterization
method are developed fully in [7, 8, 9]. However, an implementation of the nu-
merical algorithms for stable/unstable manifolds of fixed points with dimension
greater than one has appeared only in [27], and there only for fixed points of
maps with complex conjugate stable/unstable eigenvalues. Thus, in Section 3
we develop all formulae, estimates, and arguments for finite but arbitrary di-
mensions.

In the context of the second order systems considered in this paper, the local
parameterization of W* (%) is a function P : R" — R?" of the form

P(0) = Y a0 = (PO0), PY0)), (6)

le|=0
with
Ay = (a&o),ag})) S RQ”,
PO@) =3 a0, (@ R,
|e|>0
PW@G) = > allo*, (a(V) e R"),
|o|=0
where we use the notation a@ = (aq,...,a,) € N, Ja| = a1 + ... + an, 0 =
(01,...,0,) e R™ and 0% = 07" - ... - 0.

Fixing L > 0, problem (5) reduces to finding a solution (#,u) € R™ x
(C2[0,1])™ of the boundary value problem
d2
WZ = L*W(u), in [0,1],
G(u(0),w'(0)) =0, (7)

u(1) = PO(@), v/(1) = PM(9).

As is made explicit in Section 2, problem (7) can be recast as a fixed point
problem on R™ x C[0, 1]™. We adapt the concept of radii polynomials introduced
in [11] to develop a computational technique that provides rigorous bounds and
existence of the desired fixed point. The approximation scheme that underlies
the estimates of [11] is based on spectral methods (Fourier series). For the
boundary value problems that arise from the study of connecting orbits it ap-
pears that splines, which we use here, provide a more general and more straight



forwardly applicable method. In this sense our efforts are strongly influenced
by the results of [28, 35].

To demonstrate the effectiveness of our approach in Section 5 we apply our
techniques to establish the existence of pulse solutions for the Gray-Scott system

uf = ugud — M1 —uy
{ ( ) @®)

ul = %(ug —uul),
where ),y are positive parameters. This equation models a continuously fed
unstirred cubic autocatalytic reaction (see [19, 23] and references therein) and
pulses (homoclinic orbits) represent stationary concentration patterns. By [23,

Theorem A] for the set of parameter values
Co={(A7) [A=1/y and 0<~y<2/9},

exact symmetric homoclinic solutions of (8) for the steady-state (u1,us) = (1,0)
are given by

N 3y () — 3
w(w) =1 1+ (cosh(z/\/7)’ 2(7) 1+ (cosh(z/\/7)’ )

where ¢ = (1 — 977)1/ 2. These homoclinics are stable under perturbations in the
parameter values in the following sense. For a fixed 5 € (0, 2) and for a fixed
€o > 0, define the line piece

Co) = {0 = (F53) - <0

For any given (1/7,7%) € Co, it is known that there is an €9 = €o(¥) > 0 such
that there exists a continuous branch of even homoclinic orbits (uq (), uz(¢)) of
(8) with (A(e),v(g)) € C.y(7) such that (A(e),7y(e)) converges to (1/7,%) and
(uq(€), uz(e)) converges to (41, uz) as € tends to 0 (see [23, Theorem CJ).

Our approach is to fix ¥ = .15 and to explore homoclinic solutions further
away from the curve Cy of explicit solutions. Note that in the context of looking
for even homoclinics of the Gray-Scott equation (8), the boundary value problem
(7) becomes

at? L(ug — uyu3)

1 > , in [0,1],
W/ (0) =0, u(l) = PO(9), «/(1) = P1(0),

d2u _ L2 ( ulug — )\(1 — Ul)
(10)

with u = (u1,uz2). Here is an application of our novel rigorous computational
method:

Theorem 1.1. Fiz 5 = 0.15, and define

3k _ .
» 5000 k=-8,...,—1;
o = 0, k=0;
3k _
To00 k=1,...,22



and

o (/1
. d{( ?”’“,1); k8,...,22}.

Let L =12 for k > 0 and L = 1.7 for k < 0. Then, for every (\,v) € X5
there exists a small set B = B, C R? x (C[0,1])? containing a unique solution
(0,41, Us2) of problem (10).

Corollary 1.2. For the parameter values (\,7) € Xo.15 there exists a symmetric
homoclinic orbits of (8) to the steady state (ui,u2) = (1,0).

The proof of Theorem 1.1 is found in Section 5. A geometric representation
of the solutions obtained in Theorem 1.1 can be seen in Figure 1(a) and their
corresponding parameters are depicted in Figure 1(b). Note that the construc-
tion of each set B in Theorem 1.1 is done with the use of the radii polynomials
presented in Section 2 and the analysis at the boundary values is carried out
using the theory of the parametrization method introduced in Sections 3 and 4.

Before turning to the details of our approach, we discuss several of the longer
term goals that lead to our particular choice of methods. The first goal is directly
related to the opening comments of this paper. In the context of differential
equations the simplest and best understood means of generating chaotic dynam-
ics is through solutions that are homoclinic to periodic orbits. Our results on
the Gray-Scott equation demonstrate the practicality of using these techniques
to find orbits homoclinic to equilibria. There are two fundamental requirements
to obtain results such as these for periodic orbits. First, one must be able to
rigorously and accurately identify periodic orbits. The method of radii polyno-
mials has proven effective for this task in a variety of settings [26, 2]. Second,
one must be able to parameterize stable and unstable manifolds for the periodic
orbits. Parameterization of stable/unstable manifolds associated with periodic
orbits of vector fields is discussed from a theoretic prespective in [9], and imple-
mented numerically in [20] for the phase resetting curves in biological systems.
We are not aware of any applications of these methods to rigorous computer
assisted proofs. The ideas developed in the present work should be extendable
to the case of periodic asymptotic behaviour.

The second goal is clearly demonstrated by contrasting our computational
results on pulse solutions to Gray-Scott with the perturbative results of [23].
In this paper we prove the existence of a finite number of homoclinic orbits at
points on the line v = 0.15 in parameter space, as opposed to a continuous
branch of solutions. More generally, most physical models have free parameters
and it is of interest to be able to determined the dynamics over large sets
of parameter values. Thus, the ability to efficiently and rigorously compute
branches of solutions is highly desirable. There are theoretical results that have
been implemented that justify why the method of radii polynomials provides
an efficient means for computing branches of solutions [3]. The best way to
extend these ideas to the setting of connecting orbits, in particular algorithms
for obtaining parameterized families of stable and unstable manifolds, remains
an open problem, but theoretical work [8] suggests that there are no fundamental
mathematical obstacles.



(a) Solution profiles. The explicit symmetric homoclinic orbit (9) from [23]
for ¥ = 0.15 (in black) and the thirty rigorously computed homoclinic orbits
of Theorem 1.1 (in green). Each solution couple (u,v) has been extended by
symmetry and is the center of a small set B containing a genuine solution of
problem (10).
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(b) Parameter space. The symmetric homoclinic orbit (9) from [23] for
5 = 0.15 (in black) and the associated parameters of the thirty rigorously
computed homoclinic orbits of Theorem 1.1 (in green).

Figure 1: Geometric representation of the solutions generated by Theorem 1.1.



The final goal that we mention here involves rigorous computations for par-
tial and functional differential equations. In this case the phase space for the
dynamics is infinite dimensional. Again, the method of radii polynomials pro-
vides an effective technique for finding fixed points and periodic orbits in this
setting [26, 16] even in the context of higher dimensional domains [17, 18]. The
challenging problem is to adapt the parameterization method to this setting in
such a way that one can obtain rigorous computational results. It should be
noted that the original work is developed under the assumption that the phase
space is a Banach space [7]. However, it is assumed that the underlying dynam-
ics is a flow, thus it is not directly applicable to parabolic equations. On the
other hand, as is indicated by [7, Theorem 2.1] the theory is applicable to finite
dimensional invariant submanifolds of the stable and unstable manifolds which
is essential for a rigorous computational approach.

2 Rigorous numerics for symmetric connecting
orbits: formulation, fixed point and radii poly-
nomials

As is indicated in the Introduction we prove the existence of the connecting
orbit by solving a fixed point problem. The first step in deriving the fixed
point problem is presented in Section 2.1, where we recast the boundary value
problem (7) as an equivalent problem of the form F(f,u) = 0 on the space
X = R" x C[0,1]™. The next step is to compute an approzimate solution
(0,4p,) of F =0 using a finite dimensional reduction, see Section 2.2. One can
then define a Newton-like operator T' around the approximate solution whose
fixed points correspond to solutions of F© = 0. The proof of existence of the
desired fixed point of T is achieved using the concept of radii polynomials which
are introduced in Section 2.3. Finally, we provide in Section 2.4 the explicit
construction of the radii polynomials.

2.1 Set up of the problem F(6,u) =0

The goal of this section is to transform the boundary value problem (7) into one
of the form F(6,u) = 0 in the Banach space R x C[0,1]". We assume here that
the boundary condition at ¢ = 0 is G(u(0),w'(0)) = «/(0) = 0, meaning that we
are looking for even homoclinic orbits. The case G(u(0),4'(0)) = «(0) = 0 (odd
heteroclinic orbits) can be treated similarly (see Remark 2.2).

Integrating % = L?¥(u) component-wise between 0 and ¢, and using
u’(0) = 0, results in

u'(t) = L2/O U(u(s))ds. (11)

Setting ¢ = 1 and using the boundary conditions u/(1) = P()(0) at the stable



manifold, one obtains the n conditions
1
PM(G) — L2/ W(u(s))ds = 0 € R™. (12)
0

Now, integrating (11) between ¢ and 1 and using the boundary conditions u(1) =
PO)(#), one finds

u(t) = f(0,u)(t) (13)

= PO®) + (t —1)L? /Ot\Il(u(s))ds+L2/tl(s 1)U (u(s))ds,

where f = (f1,..., fn). Finally, appending (12) to equation (13), one defines
F:R" x C[0,1]" — R" x C[0,1]" by

) —L? ! uls S

Remark 2.1. The solutions of F(f,u) = 0 € R" x C[0,1]" given by (14)
correspond to solutions of the boundary value problem (7) with G(u(0), v’ (0)) =
u’(0).

Remark 2.2. The case G(u(0),u'(0)) = u(0) = 0 leads to the function

- PO(9) —u
F(0,u) = ( f(a( i) _i” > (15)

where

_ ¢ 1

f(0,u)(t) = PV (O)t — L2 / sU(u(s))ds — L2t/ W (u(s))ds.
0 t

The solutions of F(6,u) = 0 € R"xC0, 1]" given by (15) correspond to solutions

of the boundary value problem (7) with G(u(0),4'(0)) = u(0).

2.2 Finite dimensional reduction

Since R™ x C[0,1]" is an infinite dimensional space we cannot directly compute
on (14), and thus we turn to the problem of deriving an appropriate finite
dimensional approximation. We begin by discretizing the interval [0,1] using
the mesh

Ap={0=1tg<t1 <ty <+ <ty =1},

with the subscript denoting the finite mesh size. Using the above mesh, consider
the subset Sy, C C]0,1] of piecewise linear functions (linear splines) defined
on A,. We will identify S, and R™*! whenever convenient. We define the
projection

I,: C[0,1] — S

def
v = I = (vo,v1,...,0m),



where v; = v(t;), for j = 0,...,m. For vector-valued functions u we will use
the short hand notation

Up, = (Hh)"u = (Hhul, . ,Hhun) € S;Il
Note that using the projection one obtains the direct sum decomposition
Clo,1] =1I,Cl0,1] & (I —1I,)C[0, 1], (16)

where I denotes the identity.

As is described in the Introduction the boundary conditions are given in
terms of a local parameterization P of the stable manifold that is expressed in
terms of infinite series expansions (6). For the purpose of computations we can
only work with a finite number of terms. Hence we choose a parameterization
order N € N and define

Pr(0) = (PO, PL©) = > aat® = 3 e, > alle0

0<[al<N 0<|al<N 0<|al<N

Definition 2.3. The finite dimensional projection F(™N) . R™ x (S,)* —
R™ x (Sk)™ of (14) is given by

) '
o ( P ;e(zn ,Nf(z h hﬁ;%:))ds ) , a7

£

where each 0,up) (i=1,...,n) is given component-wise by

N (6, up )], = [Pl(f)(ﬂ)]ﬂr(tj—l)LQ/ j\Ifi(uh(S))dS+L2/ (s—=1)Wi(un(s))ds,
0 tj

J

where 7 =0,...,m.

2.3 Existence and local uniqueness via radii polynomials

Inspired by the work of [11, 35] we provide a procedure for constructing a set
B centered at a numerically derived approximate solution (é, ap) of F (m.N) —
which contains a genuine zero of the infinite dimensional nonlinear operator F
given by (14), and hence a symmetric homoclinic orbit of (1).

Consider the Banach space X = R” x C[0,1]". Define

X &R x (S,)" 2R and X, = {0}" x ((I —0,)C[0,1))",

where we have used the decomposition (16). The projections II,, : X — X,
and Il : X — X, are given by

0,0 (0, u) = ( (Hf)nu > and Tl (0,u) — ( (Ifloih)nu )



It then follows from (16) that X decomposes as a direct sum of the form
X=Xl X=X, ® X
Recalling (14), one has
W)y —r12 [+
L, (6, u) PW(G) — L? [ ¥(u(s))ds (18)
(TTp)"™ (f (0, 1) = )

and

0
.o F (6, u) = ( (0 — Ty (£ 6,) — ) ) . (19)

Hence, we can write F' = II,,F ® Il F. In order to construct the fixed point
equation, we assume that numerical calculations provide us with the following:

A.1 Suppose we have an approximate solution (é, ) of FmN) (9, u) = 0.
A.2 Assume that we computed the Frechet derivative DF™N) (8, iy,).
A.3 Assume that we computed an approximate inverse Al of DF(™N) (8, ay,).

A.4 Suppose that Al is injective.
In practice, showing that || I, — AT DF™N) (0, 4;,)|  is strictly less than
one is sufficient to prove that Al is injective.

Let us define T: X — X by
T(0,u) = (I, — Al 11, F) (6, 1) 4+ oo (F (6, 1) + (0, u)). (20)

The next result follows immediately by the assumption 4.4 and by projecting
T and F onto X, and X.

Lemma 2.4. One has that T(0,u) = (0,u) if and only if F(6,u) = 0.

In what follows we focus on studying the fixed points of T" rather than the
zeros of F. To prove the existence of fixed points of T, we use a contraction
argument. The maximum norm in X, is given by

([TLn (6, )

X, = max{[|0]|oc, [[Tpuafloos - - » [Mhtin]loo}

and the norm in X, is given by

n{ sup {(I—Hh)uz’(t)|}}-

Moo (0, 1), = max {[|({—Ip)uiflec} = max
i=1,...,n i=1,... te[0,1]

5

Observe that (X, || - |lx,.) and (Xe, | - ||x..) are Banach spaces. Let us now
consider the following set centered at 0 € X:

def

B(r,w) = {(0,u) | [hn(0,u)llx,, <rand [Te(0,u)llx, <wry,  (21)

10



where w is a constant to be chosen later. The philosophy is that r defines a
radius of the box B(r,w), while w is a weight which can be used to adapt the
radius of the tail. In what follows we work with a fired w, whereas we treat r
as a variable.

Our goal is to use the contraction mapping theorem to prove the existence
of a unique fixed point of 7" within the set

B ¥ (0,45) + B(r,w).

This requires bounds on both the image and contractivity of 7. This is in-
capsulated in the radii polynomials which are defined in terms of the following
quantities.

Let the “deficit” function be

v T0.) ~ (0,i0) = —ALILLF(0,in) + T F (0,0,

and suppose (see Section 2.4.1) we have constants Y = (Vq,... s Yo(m42), Yoo)
such that the following estimates hold:

(M), | = ‘(—A%HmF(é,ﬁhDJ <Y k=1,....n(m+2),  (22)

Mooyl X = Moo (6, 4n) [ xoo < Yoo (23)

Moreover, let wy,ws € B(r,w) and @ % (0, 4y). Define

2= z(wi,wy) = DT () + wy)ws (24)

and suppose (see Section 2.4.2) that we have polynomial functions Z(r) =

(Z1(r), -y Zn(m+2)(1), Zoo (1)) with nonnegative coefficients such that the fol-
lowing estimates hold:

sup | 2(wr, w2)),| £ Zk,  kE=1,...,n(m+2), (25)
w1, w2 €B(r,w)
sup Moo z(w1, w2)|| xo, < Zoo- (26)

w1, w2 €B(r,w)

The philosophy behind the construction of the radii polynomials is that each
components of the bound Z can be expanded as a polynomial of finite degree in
the variable radius r (see Section 2.4.2). This is an implicit assumption in the
following definition.

Definition 2.5. The radii polynomials are given by
pr(r) = Yy + Zi(r) —r, E=1,...,n(m+2), (27)
Prn(m+2)+1 (T) = Yoo + Zo (T) — Wwr. (28)

The following result is a minor modification of Theorem 2.1 in [35] and
Theorem 3.4 in [11]. It is a result based on a verification of the hypotheses of
the Banach Fixed Point Theorem for T" working on B.

Theorem 2.6. If there exists an r > 0 such that pr(r) < 0 for all k =
1,...,n(m + 2) 4+ 1, then there exists a unique fixed point of T, and hence a
unique zero of F, within the set B = (0, up,) + B(r,w).

11



2.4 Explicit construction of the radii polynomials

In this section, we provide an explicit construction of the bound Y satisfying
(22) and (23) and the bound Z satisfying (25) and (26). Note that the final
evaluation of the bounds Y and Z is a combination of analytic estimates and
rigorous computations using interval arithmetic.

To estimate the terms

PO@G)=>"al0*,  j=0,1,
|2 >0

which parametrize the stable manifold, we assume that we have computed ex-

actly (using interval arithmetic) the coefficients af for 0 < |a] < N, forming
the N-th order polynomial approximations

PPO) = > alee.

0<|al|<N
Furthermore, we assume (see Section 4) that we have estimates of the form

IZFP|P(j)(9)_PJ(\/j)(0)|k§5 fork=1,...,n, (29)
<v

for some § > 0 and v > 0, and

- )
la¥)] < Tl for all || > N, and j =0, 1.
v
Finally, we assume that .
max [0;] < v. (30)
1<j<n

2.4.1 The bound Y
One can use the splitting
PO(§) — Py (0)

: ; PO(9) — P (6
HmF(e,th) :F(m’N)(e,’LALh)-‘r ( ) . N ( ) 7

~ ’ O A~

PO©0) = P (0)
where F(™-N) ig given by (17) and where P(%)(§) —P](\?)(HA) € R™ appears (m+1)
times. Using interval arithmetic, one can evaluate F(™ N )(9, @p,), which should
be small by the assumption A.1, as well as compute an approximation Al of

the inverse of DIT,,, F(8,4y,). Under the assumption that ] < v (which is easily
checked), one can then use (29) to choose

{Yvi}i:L..A,n(m—&-Q) > AinF(m’N)(évﬁh) +6|A1—n|13 (31)

12



where 1 & (1,1,---,1) € R™™+2) " and the absolute values are to be inter-

preted component-wise. Computing the right-hand side of (31) using interval
arithmetic, we find explicit bounds Y;, ¢ = 1,...,n(m + 2) such that the esti-
mates (22) are satisfied.

The following result provides a way to compute the bound Y, in (23).

Lemma 2.7. Let Yo, be such that

L2
Yoo > max max —(thp1 —tr)?  sup  |Wi(an(s))|p . (32)
i=1,...,n | k=0,...,m—1 8 SE[tr,tri1]
Then,
Mooyl x < Yoo

Proof. By definition

eyl = Mo P, @) l1x = max {17 = T0a) il ) o }

n

Observe that f;(0,4y) € C2[0,1], for i = 1,...,n. Using [32, Theorem 2.6], (13)
and
d2

S (0,0) = 120(w),

one obtains

ST sup
=0,..., m 8 SE[tK tr41]

.
ﬁﬁ@mmﬂ

= max {Ls(tk+1—tk)2 sup ‘I’z(ﬁh(s))}

k=0,...,m—1 SE[tk,trt1]
O

For the application to the Gray-Scott system presented in Section 5, we
estimate the right-hand side of (32) by doing a very crude interval arithmetic
calculation of U;(ap) € U;([lg, Gg+1]) on each interval [t, tri1].

2.4.2 The bound Z as a polynomial in r

Commutativity of the differential operator and linear operators (II,, and Af)
implies that
I, 2 (w1, wa) = I, (DT (W + wq)ws)
= DIL,, (&0 + w1 )ws — AInDHmF(uD + wr)ws
= [Im — A}, DIL,, F () | Ty ws
— Al [DIL, F (& + wy )ws — DIL, F(w)IL,ws],

13



where the factor I,, — Al DII,, F (1) is expected to be small due to assump-
tion A.3.
Let us now expand II,,,z as polynomials in the variable radius » > 0. Con-
sidering Wy, ws € B(1,w) so that wy = rw; and we = rs, one obtains that
I, 2 (w1, we) = [(In — Al DIL, F ()L, 2| 7
— Al [DIL,,, F () 4 w1 7)y — DIL,,, F(@)0) 7 (33)
= [(Zy, — Al DIL,, F (&0)) 102 | 7 — AL 0 (0)r, (34)
where
(1) & T, F (i + @17 + 7is) — Ty F (b + 711, d). (35)

The next step is to expand 7'(0) in terms of the variable radius r. Let
W = (0,4p) and write w; = (¥, 1) and wy = (P, V). We start by considering the
first n entries of 7, corresponding to the first component of II,,, F' given by (18).
One has

{nk(T)}k:Lwn = Z a&l) [(é +Jr + TP)Y — (é + T@)O‘]
la|>1

- I? /0 [V (ay, + ar 4+ 70) — U(ay + 7(I,)"0)]ds,

and hence, denoting by e; the i-th unit vector,

O}y = > “53)< S (04 dr) —éa—‘”‘]>

la|>1 i=1
(a;>0)
1
- I? / [DW(ay, + ar)do — D¥(ay,)(I1,)"0]ds.  (36)
0

We proceed by estimating the two terms in the right-hand side separately.
For the first term we have, for each component k =1,...,n,

Z al) ( Z ;@i [(0 + Dr)e—e — é“‘ei])

la|>1 i=1
(o‘i>0) k
=92 aEP( > wdi Y <az—6i,z>ﬁl<é+5@r>“—“—“>r
la|>1 ‘

=1 =1
(ai>0) (al>5i,l)

Z Z a&l)ai(al - 61"1)4,271‘151(@ + f’lg’l”)a_ei_el r

11=1 a€S;

n
7=
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for some & = £(k,i,1, ) € [0,1], where §;; is the Kronecker’s symbol, and, for
i, e{l,...,n},

Sit E{a=(ar,...,0n) €N" | a; >0 and o > 8;,}.
We now choose an a priori bound r < r,, where we fix, see (30),

0 <re <v— max |0|

1<j<n
Then, using |;], |1§l\ <1forallile{l,...,n}, we obtain the component-wise
bound
Z a ozz —0; l)cpﬂ%(@ + 5197’ yameima Z all ozl — 0, )0 T,
a€S; a€S;
where 0 = (01, ...,0,), with 0 = 0 (i,1,a) € [0;—r., 0,47 forj € {1,...,n}.

‘With this in mind we estimate

>y

> aPai(ar = 6;,)0* 7 < AD, for all o € [0; — 7., 05 + 1],

i=1 l=1]a€S;

(37)
with bound A e R?}. The computation of the bound A® | under the as-
sumption that |o;| < v for j = 1,...,n, is a combination of computations and

analysis, see Section 5.2.1 for more details and the explicit construction for the
Gray-Scott system.

To estimate the second term in the right-hand side of (36) we can write, for
polynomial ¥,

d
D (iiy, + iir)d — DU (i) (1) 5 = v Ortt, (38)

for some d € N and a set of vector functions v() = v(©(ay,, 4,7) € R, £ =
1,...,d. For an example of how to determine the functions v(¥), see Section 5.2.2
in the context of the Gray-Scott equation. There it is also explained how to use
the fact that |a(s)| <1 and |9(s)| <1 to obtain estimates of the form

/ WO (s)ds <TO,  for all [[ile, []w0 < 1, (39)

with T®) € R? for £ = 1,...,d. Combining the bounds (37) and (39), one can
finally obtain the following upper bound for (36)

d
e () hzt,om] < AWy L2 Z @1 (40)
—
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Now that we have found an upper bound for the first n components of 1’ (0),
let us do the same for its remaining n(m + 1) components. Note that these
components of 7 correspond to the second component of II,,, F' given by (18).
First, let us recall (35) and fix a mesh index j € {0,...,m}. Then, evaluating
n at the mesh point ¢; gives the n dimensional vector

{Uk:(T)}k:n(jH) ..... n(j+2) =
ST aQ @ +Ir +76)* — 0+ 73)°] — (Wy)"ar
lal>1

+ (t; — 1)L2/O ' (U (ay, +ar+ 70) — U(ay, + 7(I1,)"0) | ds

+ L2 / (s = 1) [W(ap + ar + 70) — W(ap, + 7(I1,)"0)]ds.

J

As in the case for the bound A given by (37), one can consider a bound
A € R? such that

n
Z Z Z aOai(ag — 8;)o e | < A0 (41)
i=1 I=1|a€S;
for all o, = o (4,1, ) € [9k —r., O +r.], k=1,...,n. Combining the expansion
(38) and the bound (41) allow us to obtain, for any fixed j € {0,...,m},
d
() i), ma2y| < AQ7+ L2370 [(1 = )T + T (42)
=1
where F;Z) and I:y) are bounds
t; ,
/0 v (s)lds < T, (43)
1 ~
/(17gw®@mmgr?, (44)
t

for all [i]o. 7]l < 1.
We now have component-wise upper bounds for |n’(0)|, which are given by
(40) and (42), which we summarize as

d
' (0)] <Y VO, (45)
=1

where V(l)’ o ,V(d) c Rj—(7n+2)~
Applying bound (45) to equation (34) provides the estimate

Mz (w1, w)| = |[(Im — AL, DIy, F(0)) I d2] v — Al ' (0)r|

d
)7+ 1AL, VO,
=1

< (‘Im — Al DIL, F(8, i)
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where here 1 = (1,1,...,1) e R*(™+2) For £ =1,...,d, define

ZAORCH) S AInDHmF(é,ah)‘ 1+ ALV,
z®O =LAt (vO =2, d

Hence d
sup ITL,,, 2 (w1, we)| < Z ASLE
w1, w2 €B(r,w) =1
Finally, define Z1,. .., Z,(m42) by
d
Zi(r) © 320", k=1, n(m+2). (46)

For the remaining bound (26) we consider
Moo z(wy,wz) = oo (DT (0 + w1 )wz) = DIy (F + I)(0 + wq)ws. (47)

For polynomial ¥ we can write, cf. (38),

d
D, (i, +ar)o =y v w7 (48)
(=1

As before, using |a(s)| < 1 and |#(s)| < 1, we can derive bounds

sup  [7(s)| <0, for all [lillec, 3]s < 1, (49)

SE[tk,tet1])

fork=1,....m—1,i=1,...,n, £=1,...,d, see Section 5.2.2. The following
result provides an upper bound for the X, norm of (47) in terms of a polynomial
in the variable radius r» > 0.

Lemma 2.8. Define

d
Zoo(r) &Y 200", (50)
=1
where Z&l)), ceey Zég) are bounds such that
2 =) d
DTSR T C ARG IS LT D
o | k=0,..., p
Then
sup Mooz (w1, w2)||x., < Zoo(r).

w1, w2 €B(r,w)
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Proof. From [32, Theorem 2.6] one finds

Mz (r, )] x..
= | DT (F + I)(t -+ wn )wal| .
= max {||(1 = TH)Dfi( + w)walloc)

< max max M su d—2 [D fi(d + wy)ws] (s)
~i=1,...,n | k=0,...,m—1 8 SG[tk,£c+1] d?t ¢ 12
L2 ) o
= max max —(tky1 — tg)° sup  |DV;(Gp + ar)o| p o1
i=1,...,n | k=0,...,m—1 8 SE[ty thti]
The assertion now follows from (48) and (49). O

3 Parameterization of the invariant manifolds

This section provides a review of the parameterization method for invariant
manifolds as developed in [7, 8, 9], adapted to our current setting.

A critical ingredient of the parameterization method is that once the local
approximation is computed, it is possible to efficiently validate, a-posteriori,
the numerical results. Validation is discussed in detail in section 4 as well as in
[9]. Because we are interested in numerical computations, we develop explicit
formula for the necessary constants appearing in all estimates. The estimates
are computationally convenient, rather than theoretically sharp.

3.1 Background: analytic functions and IN-tails

We endow C¥ with the supremum norm

ol = I(en, v 20)] = mae =i (52)

Under this norm the ball of radius v centered at the origin in C¥ is the polydisk
B, ={2cCX ||z <vforl<i<K}.

A bounded analytic function g : B, € CKt — C¥2 for which ¢g(0) = 0 has a
power series expansion
g(z) = Z a2

lee|>1
where a = (ay,...,ak,) € Nt denotes a K;-dimensional multi-index, with
aK
la] = a1 + ... 4 ak,, so that z* = 20" - ... 2, and aq € C*> are K>-

dimensional complex coefficients. When the coefficients a,, are real, we say that
g is real analytic.
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We employ two norms on the space of bounded analytic functions from
B, C CX1 into CX2: the supremum norm

”g”V = Sup |g(21,...7zn)| = Sup |g(z1,...,zn)|, (53)

[z:|<v |zi|=v

where the (second) equality is due to the maximum modulus principle [1], and
the v-weighted Y-norm
lgllse = Y laalv'.

lal>1

The latter norm is inexpensive to compute numerically when g is a polynomial,
and we have the bound

lgllv < llglls.o-

A Ky x K; matrix A with complex entries defines a linear operator from
CK1 to CK=, and
def
[Allar = sup [Az],
|z|=1

where | - | is the norm defined by (52). If the entries of A(z) are themselves
bounded analytic functions on B, then we define the norm

| Allar, = sup [ AGz)] -
z€B,

For g : B, c CK* — CX2 the non-constant matrix-vector product A(z) - g(2)
defines an analytic function from B, C CX1 into CX2, and we have

1A - gllv < [|Allarvllgllv-

Definition 3.1. An analytic function h : B, ¢ CK* — CX2 is an analytic
N -tail if
h(0) = Dh(0) = ... = DV h(0) = 0.

Let X denote the space of bounded analytic functions on B,, C CX* mapping
into CX2, and A} denote the analytic N-tails in X. Throughout we suppress
dependence of X and X on v, K1, K5 and even N, as these will always be clear
from the context. The spaces X and X, equipped with the supremum norm |||,
are Banach spaces. The norm of a bounded linear operator £ : X — X is given
by

I8le = sup  [Lall-
z€X,|z|., =1

The following estimate for analytic N-tails is elementary but essential in
what follows.

Lemma 3.2 (rescaling for N-tails). Suppose that h : B, C CK1 — CKz s
an analytic N-tail, that ||h|], = M < oo, and that 8 is a complex scalar with
|B] < 1. Then

[1h o Blly < BT,
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Proof. Consider first the situation, in one complex variable, where f : C — C is
analytic and bounded on the closed unit disk, f(0) = f'(0) = ... = fV(0) =0,
and |f(z)] < M for |z| < 1. Then

f(z) = 2N g(z)

for some function g, which is analytic on the closed unit disk. The maximum
modulus principle implies that g attains its maximum in the compact set B; on
the boundary only, say at zp with |z9| = 1. Thus

f(2)

ZN+1

= 19(2) < lg9(z0)| = |f(20)| < M,

so that |f(2)| < |z|N 1 M.

Now suppose that h : B, € CK — C is an analytic N-tail such that ||h||, =
M. Let 8 be a complex number with |§| < 1. For fixed zy € B, the function
f2(B) = h(Bzp) is an analytic function of one complex variable (namely the
variable 3). In fact we have that f., () is defined on the closed unit disk B; C C.
Furthermore, |f.,(8)| < M, and f,,(0) = Df,,(0) =...= D~f, (0) =0 as h is
an N-tail. Thus, by the one dimensional argument,

|f20 (B)] < |1V,

uniformly in zg. Therefore

o Bll. = sup |A(B2)| = sup |£.(8)| < 1BV = BN [,

If h: B, c CK' — CX2 then the result follows by applying the previous
result component-wise. O

The following result estimates the derivative of an analytic 2-tail R, a re-
mainder term that appears in Section 4.2, on a polydisk of radius § < dp, in
terms of a bound for R on a polydisk of radius dg.

Lemma 3.3 (Cauchy bound for a second order zero). Suppose that R : Bs, C
CK — CK is an analytic 2-tail, that ||R||s, < co. Then for all § < &o/(K + 2)

we have
K(K +2)K+2 §

DRJs < —
IPRls <~y 52

1Rlls-
Proof. Begin by considering a function f : Bs, ¢ CX — C having f(0) =
Df(0) = 0. Then for any |z| < §, and 1 < j < K, the Cauchy integral formula

gives

aazjf(zl7"'aZK)
_ 1 / / F(C o Cre) da i
@)K Jicizs. Jicwi=s, (G —21) (G = 2) (G — 2k)
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where 6 < 6, < 6y. Writing ¢, = 6,e*, we note that by Lemma 3.2

i i Ox i Ox i
(0., ..., 0,e%)=f (50 So e, ., 5 5069K) < (84/60)211fl50 -

Hence, denoting . = (1 + 7)d with 7 > 0, we obtain the estimate

‘ azj

oo f 0,01 . 6,695 (i5,)KetOrtH0)qg, | dhx
deeit — 21) (05€05 — 2;)2 - (8€¥0K — zk) |
- /2” /2” (0. /50 2 || fllsy 6K dby...d0Oy
= (2m)K |6, — 6]+ ]0x — 6|2+ [0 — 6]
14+ 7)E+2 §
< S5l (54)

Since estimate (54) holds for all 0 < 7 < % — 1 < K + 1, and because

((1+7)K+2> _ (K 42)f+2

inf KA1 T (K + DD

7>0
o) (K +2)K+2 §
957 ||, S (Rr)EH &2 I1£1l60-

Finally, let R : B;, ¢ CK — (CK be a bounded analytic 2-tail, denoted

we conclude that

(55)

Rl(zl,...,zK)

Ri(z1,...,2K)
Then
|DR(z)|lnm,s = sup sup [DR(z) -7
[2|<8 [n]=1
0 Ri(2) -+ O:Ru(2) m

= sup sup : . : :
z|<é =1
FSOEUN 0L Ric(2) o 0.cRi(2) ) | e

|02 R (2)| 4o 4 [0 Ra (2))]

< sup :
=0 10, Ric(2)] + ... + 102 Ric(2)]

(K+2)K+2 h)

(K +1)K+1 82
K (K +2)k+2 §

= W52||R||607 (56)

IR lsgs---, K

K42
< max {K (K +2) 5 }

W(52HRK||6O

where we have applied (55) to the components of R. O

21



3.2 Parameterization method for stable and unstable man-
ifolds of hyperbolic equilibria of vector fields

Suppose that g : RX — R¥ is a real analytic vector field, that g(y) = 0 and
that Dg(7) has K distinct eigenvalues with strictly negative real part. The
case of Ky < K is of greatest interest to us. Denote the eigenvalues by {/\f}fiﬁl,
so that Re(\f) < 0, and let {£7}5% be the associated eigenvectors. Let A, be
the K, x K, matrix having {\7} on the diagonal, and zeros elsewhere, and A
the K x K, matrix whose columns are the stable eigenvectors {£7}. Lastly, let
¢ : RE x R — RX denote the flow generated by ¢, and e®s*0, with § € RXs| be
the linear flow generated by the matrix A.

The parameterization method provides an analytic injection P: B, NR¥s —
RE, v > 0, such that

P(0) =7, DP(0)= A,
and P (B,) C W*(y). The key observation is that if the parameterization P
satisfies
¢(P(0),t) = P (e'9) forall 0B, (57)

then its image lies in the stable manifold. To see this let § € B, then
. 1 Astp) _ -
tliglo d(P(0),t) = tlgroloP (e*') = P(0) = 7.

We obtain a useful expression for P by differentiating (57) with respect to time,
and evaluating at zero, giving

glP(8)] = [DP(6)]As0 for all 0 € B,,. (58)

This is an equation involving only P, its derivative, the stable eigenvalues of
Dy(7), and composition with the known vector field g. We refer to equation
(58) as the invariance equation for the parameterization P.

In order to solve the invariance equation (58), constrained by the first order
data P(0) = 7, and DP(0) = As, we assume that P admits a power series
representation

PO)= > anf” (59)

|| >0
Denote by {e;} X+ the first order multi-indices
e1=(1,0,...,0) ... ex =(0,0,...,1).

Using this notation we define the linear terms of P to be a(g,... oy = P(0) =7, and
a.; = &;. Recursion relations for the remaining coefficients can be obtained by
substituting (59) into (58), expanding both sides as power series, and matching
like powers of . The resulting formal power series P is referred to as the
parameterization of W*(y) under g. We illustrate this computation explicitly
in section 5.

Remark 3.4. It is important to note that different scalings of the eigenvectors
{&7} lead to different parameterizations of W#(g) under g. This non-uniqueness
can be exploited in order to control the decay of the coefficients ag.
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3.3 Numerical domain of the parameterization

Let P be a parameterization of W*(7) under g. As is made explicit in Section 2.2,
we only ever compute and store a finite number of coefficients. Recursively
solving (58) up to a fixed order N results in a polynomial

Py(@)= Y aab”,

0<lal<N

called the approximate parameterization. For fixed N an essential step is to
determine a domain B, NR®s on which Py is a sufficiently good approximation
to P. The following definition makes this precise.

Definition 3.5. Let ¢ > 0 be a prescribed tolerance. The number v > 0 is an
e-numerical radius of validity for the approximate parameterization Py if

llgo Py — [DPn] - Asll, < e (60)

Remark 3.6. In principle, numerical experimentation (made rigorous using
interval arithmetic) can be used to select an appropriate value of v directly
from the definition. However, in practice once a reasonable guess for v has
been obtained by non-rigorous numerics, it can be more efficient to evaluate
the v-weighted Y-norm, providing a bound for the supremum norm. Specifi-
cally we expand g (Pn(6)) and [DPy(0)]As0 as power series 3,5 Aa0” and
Z|a\20 B, 0%, respectively. If g is an M-th order polynomial vector field (as in
the application in Section 5), then the composition g o Py is a polynomial, and
the resulting sum has a finite number of terms. Define the error function

E(0) = g(Pn(0)) — [DPn (0)]As0,
and compute the v-weighted ¥-norm

[Ells,y = Z |Aa — Ba vlel,

|| >0

If |E||s,, < e then v is an e-numerical radius of validity.

4 A-Posteriori analysis of Py

In this section we consider the convergence of the series expansion of P, de-
rive bounds on the truncation error |P — Py/||, in terms of the numerically
computed value of ||E||s,,, and bound the decay rates of the parameterization
coefficients a,,. While the theorem presented in this section is stated for rigorous
validation of the parameterization method for the stable manifold, the theorem
can be used to validate unstable manifold computations by considering the flow
in backward time.
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4.1 Parameterized manifold validation theorem

In order that the present section stand alone, we explicitly state all assumptions
for the present validation theorem.

P.1 Assume that ¢ = (g1,...,9x) : B, C CK — C¥ is a bounded analytic
vector field having g(0) = 0 and det[Dg(0)] # 0.

P.2 Assume that Dg(0) has 0 < K, < K distinct stable eigenvalues {\}5.
Let {£7}5 denote the eigenvectors associated with the stable eigenvalues.
We let A; denote the K x K, diagonal matrix having the A; on the
diagonal, and A be the matrix having the £ as columns.

P.3 Assume that Py : B, ¢ CK+ — C¥ is a N-th order polynomial, with
N > 2, having

PN(O) = 0, and DPN(O) = A,
and which solves the equation
go Py = DPy - Ag (61)

exactly to N-th order (in the sense that the power series coefficients of
order |a| < N on the left are equal to those on the right).

Definition 4.1 (Validation values). The collection of positive constants v, €y,
Cy, Co, p', p and p are validation values for Py if

L. HQOPN — DPy 'ASHE,V < €tol ;
2. |1Pnll <0 <ps
3. IDg[PN]lIa < C1

4. 9%g;ll, < Cs ;
max (max [10%;ll, < Ca 5

5. Re();, -l .
| Dnax Re(A}) < —p
To simplify the statement of the result we introduce the following notation.
Let
N, = max #{(k,1)|1 < k,l < K such that 0*9'g; # 0}
1<G<K

be the maximum number of nontrivial elements in the Hessian of g;. Clearly
N, < 2% but for given g a better bound may be found. Let M; and M be
positive numbers such that

My = N, (62)
K(K +2)K+2
Mo = ey (63)

Note that My > 27/4.
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Theorem 4.2. Given validation values v, €1, C1, Co, p, p' and u, assume
that N and § satisfy the three inequalities

N+1s G (64)
1
261;01
o> N Daor o)
[N+ Dp—-Cy p—p
§<m1n{ G, T Kio| (66)

Then there is a unique parameterization function P : B, C CKs — CK solving
(57). In addition, the truncation error is bounded by

HP_PNHVS(S

and the parameterization coefficients a, € CX decay as

|aa| S AT

y‘a|

for |a| > N.

The following three lemmata, whose proofs are presented in the next sub-
section, provide the core arguments for the proof of Theorem 4.2. Recall that
X is the space of bounded analytic N-tails on B,,.

Lemma 4.3. If N +1 > Cy/p, then the linear operator £: Xy — Xy given by
L(h) = Dh-Ag — Dg[PN] - h (67)

1s well-defined and invertible. Furthermore,

1
Yy < —— .
H HXO_(N—f—l)M—Cl

Since g is analytic and bounded on B, C CK| for each |z| < p’ the function
g has a Taylor expansion at z defined on a ball of radius at least g = p — p'.
Let R.: Bs, C CK — CK denote the family of functions given by the second
order Taylor remainders,

9(z+n) = g(2) + Dg(2) -n+ R=(n)  for [n] < do, (68)
hence R, = O(|n|?) as n — 0. For each h € X, define

Rpy(h): B, — CK (69)
0 = Rpylh(0)]

Define the function F : B, ¢ CKs — CK by

E(0) = g(Pn(0)) — DPn(0) - Asf.
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Lemma 4.4. If N+ 1> Cy/u, then the operator ® : Xy — Xy given by
®(h) = £ HE + Rpy (h)]
is well-defined. Furthermore, h is a fized point of ® if and only if
g[Pn(0) + h(8)] = D[Pn(0) + h(0)] - A6 for all® € B,.

Lemma 4.5. Under the hypotheses of Theorem 4.2 the operator ® defined in
Lemma 4.4 is a contraction mapping of the ball Us = {h € Xy : ||h|, <} into
itself.

Proof of Theorem 4.2: By Lemma 4.5 and the contraction mapping theorem,
® has a unique fixed point h € Us. By Lemma 4.4, the function P : B, C
CKs — CX defined by P = Py + h solves (57). In particular, since h is a
bounded analytic N-tail, the series expansion for P converges. Furthermore,
since h € Uy,

”P - PNHV = “hHu <.

The decay rates of a,, for || > N follow by applying the Cauchy estimates to
the series expansion of h. O

4.2 Proofs of the Lemmas

The proof of Lemma 4.3 requires the following estimate for the composition of
an N-tail with an exponential.

Lemma 4.6. Letq: B, ¢ CKs — CX be an analytic N-tail, and let {\$} X2, and
As be asin P.2 in Section 4.1, and let p satisfy assumption 5 in Definition 4.1.
Then

lgoe™*6]l, < e FDr ],

Proof. We write
¢ (eAsta)
g(et='9) = : 7
qK (eAStG)
where ¢; : B, C CXs — C, 1 <3 < K. Note that

e(Aitmity,
ehstg = g1t = ef“teAstG,
ePetmtg,
where e®st is a (non-strict) component-wise contraction, as

[(e210),| = eXiFmt|g, < |6;] forallt>0and 1<i<K.
Then for 0 € B,

|0 (e210) | = |qs (etehet0) | < eV FDt g 0 M), < e (N HDIL g |,
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where the first inequality follows by applying the inequality from Lemma 3.2 to
the N-tail g;, with e ! as the scalar. Applying the previous estimate to the K
components of g gives ||q o e<t||, < e~V +TDrt||q||,, as desired. O

Proof of Lemma 4.3:
Beginning with any analytic N-tail p € &p, our task is to find an analytic N-tail
q € &) satisfying

Dq[A,(0)] — Dg[Py(0)] - q(0) = p(8),  for all € B,,. (70)

We proceed by making a time-varying linear change of variables in Equation
(70). With 0 € B, define

= p(e"'9),

Note that

so that ¢ solves (70) if and only if x solves

%x — A(t)x = p, for t > 0. (71)
This is a system of linear differential equations with analytic, non-constant
coefficients. At ¢t = 0 we recover Equation (70).
We want to solve the linear differential equation by exploiting an integrating
factor
C(0,t) = C(t) = e Jo AT dr

Note that C(0) = Ixxx. We obtain the estimate, uniform in 6 € B,,

t
||67 Jo A(s) ds HMJ/

e\—fot A(s) dslla,w

[[e(l/pra

IN

S NA) g ds

IN

ds

2

efﬂt”DgOP”OGASS M

et

IN

Hence, for all 8 € B,,, using Lemma 4.6,

1C(0,1) - p(6,t) | = ‘(67 JEA@s) ds) . (p[eAstg])‘
< Crt. (e—(N-H)ut Iplly)

= D, (72)
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so that for N +1 > C1/p the argument of the exponential is negative, and the
limit as ¢ — oo is zero. We now find that a solution of (71) is given by

z(t) = —C7¢t) /too C(s) - p(s) ds,
implying that .
o) = 2(0) = = [ ) -ple)as (73)

solves (70).

Next, we establish that the function ¢ given by (73) is an analytic N-tail.
Namely, it follows from Morera’s theorem, using absolute integrability of the
integrands C(s) - p(s) on [0,00) and A(s) on [0,t] for any ¢ > 0, that

1. [i A(0,5))ds with t € [0, 00),
2. C(0,t) =e" Jo A6.s)ds with ¢ € [0, 00),
3. and ¢(6),

are analytic for € B,. Furthermore, ¢(6) is an N-tail, since by computing its
derivatives at # = 0 up to N-th order, we find that they all vanish, as follows
easily from the chain rule and the fact that p is an N-tail.

Finally, we estimate, for 8 € B,, using (72),

£ pl(8)] = la(6)
:%/waawp@nﬁ
0

- /oo e_[(N+1)lt—Cl]t Hp”z/ dt
0

1
=~ el (74)

(N+1Dp—0C4
since N +1 > Ci/u. The estimate (74) is uniform in § € B,, hence this
establishes

1
My € .

O

Proof of Lemma 4.4:

Note that F is an analytic N-tail since the composition, difference, and differ-
ential of an analytic function is again analytic, and F(0) = DE(0) = ... =
DN E(0) = 0, as Py solves the invariance equation exactly to N-th order. Sim-
ilarly, Rp, oh is the composition of analytic functions; and one can easily check
that Rp,[h(0)] = ... = DN Rp,[h(0)] = 0 by the chain rule, as h is an N-tail
and Rp, is the second order Taylor remainder. Finally, recall that £71 is well
defined and maps N-tails to N-tails whenever N +1 > Cy/u. Hence ® is an
operator on AXj.
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Now suppose that h € X is a fixed point of ®, so that
h(6) = £V E(8) + Rey o h(6)].
This is equivalent to
Dh(0) - As® — Dg[Pn(6)] - h(0) = E(0) + Rp, o h(0)
= g[Pn(0)] — DPn(0) - As6 + Rp,, o h(0),

so that
D[Pn(0) + h(0)] - A6 = g[Pn(0) + h(0)],
as desired. O

Proof of Lemma 4.5:
We must establish that

(7) if § is as in the hypotheses of Theorem 4.2, then ® maps a d-neighborhood
Us of the origin into itself;

(i1) thereisa s < 1so that for any hi, ho € Us one has that ||®(hy)—P(hs)|, <
Kl|h1 = hally.

We begin by explicitly and uniformly bounding R.(n), defined in (68), for
|z] < p'and |n| < do=p—p'. Let

Aj ={a : |a| =2 and 9%g; # 0}, j=1,...,K,

be the sets of nontrivial second derivatives of g. Then, by a straightforward
counting argument, see (62),

2

Y S =N, <M,
a!

OZEAJ'

where ! = aq!---ag!. Let R, = (RL,..., RK), then Taylor’s remainder theo-
rem implies, for 1 < j < K,

Ri)| = | 3 2 [ (=004 ) i

|a|=2

2 1
S Sl | (1 =1)[0%g; (= + tn)| dt
a! 0

|a|=2

2 (6%
< D ShPlovgll,

|a|=2,a€A4;

< M, Cs33.
Since this is uniform in j we obtain

IR-ls, < MiCa53. (75)
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Proof of (i): Let Us = {h € Xy : ||h]|, < d}, and recall that 69 = p — p'.
For arbitrary, fixed § € B,, let z = Py(6). Then |z| < p’ by property 2 in
Definition 4.1. For any h € Us one has, using the bound from Lemma 3.2 as
well as estimate (75),

4 , 52
[Boyo)h(0)] = |[RIRO)] < [1B:lls < F1B:llsy < Cab8”,
for all j =1,..., K and uniformly in § € B,. Hence

[@(R)[l, = [|£71 [E + Ry (B)]]],

< 1€ (1Bl + IRy (W),

1
< [ego1 + Co M 62
SN+ p-Gy [6t1+ 2 V1 }
€tol Co M,y 9

+ .
(N+Dp—-C1 (N+1)u—-C
Then in order that ||®(h)|, < 0, it is sufficient that
Cy M, 5 0

)
< 57 and m(g < 5

€tol
(N+1Dp—0C4
These conditions are met, as we have hypothesized that inequalities (65) and

(66) hold, and My > 2.

Proof of (i1): As in part (i), for arbitrary, fixed 6 € B,, let 2z = Px(6). Then
|z| < p'. Let hy,hy € Us. Using the mean value theorem, the bound from
Lemma 3.3, which is applicable since § < d¢/(K + 2) by (66), as well as (63)
and (75), we obtain

| Ry (0y11.(0) = Ripy 5y h2(0)] < |RL(h1(0)) — RL(ha(6))]
|IDR.|| a5/t — hallv

M5 6
< M36CoMil|lhy — hally,

IN

N

[1R= 5 [1ha = Rall,

for all j =1,..., K and uniformly in 6 € B,. Hence
1®(h1) = @(h2) ]l = [|€7" [E + Rpy (h1)] = 7' [E + Rpy (h2)l]|,
= [|€7" [Rey (h1) = Rey (h2)]]],
< €7 o 1 Rpy (he) = Rpy (ha)llo
o CoMs My 6]|h1 — hallw.

Sy
Finally, let
_ CoMy My
TN+ Dp—Cy
and note that x < 1, again by inequality (66). O

30



5 Application: even homoclinics for Gray-Scott

The goal of this section is to demonstrate the usefulness and applicability of our
method by proving computationally the existence of multiple even homoclinic
solutions in the Gray-Scott model

uf = ugud — M1 — uq)
uy = 3 (uz — wuj),

which, when written as a vector field, has the form

U1 V2

1')2 _ 011)% — /\(1 — ’Ul) (76)
U3 V4

’(')4 % [1}3 - vw%]

More specifically, we use the theory of the radii polynomials of Section 2,
the theory of parameterization of invariant manifolds of Section 3 and the a-
posteriori analysis of Section 4 to prove Theorem 1.1, which we restate here.

Theorem 1.1. Fiz 5 = 0.15, and define

3k _ .
o g k=8 ks
oL = 0, k=0;
3k _
m7 k— 1,...7227

and 2, {(HT”V) k= 78,...,22}. Let L=12fork>0and L =17
for k < 0. Then, for every (\,y) € X5 there exists a small set B = By, C
R? x (C[0,1])? containing a unique solution (6, 1y, 2) of problem (10).

Note that each solution of Theorem 1.1 corresponds to an even homoclinic
solution at the steady state ¥ = (1,0,0,0) of the Gray-Scott vector field (76).

The proof of Theorem 1.1 is computer-assisted. The computational part of
the proof requires success in the run of the Matlab program proof Gray_Scott.m,
which uses the interval arithmetic package Intlab developed in [31]. The code has
three main parts. The first part concerns the verification of the hypotheses of
Theorem 4.2, which provides us with rigorous bounds on the parameterization of
the stable manifold of 7 = (1,0,0,0). In order to verify Theorem 4.2, one needs
to compute the validation values in Definition 4.1. This first requires computing
explicitly the approximate parameterization Py (#). An explicit procedure for
computing this approximation is presented in Section 5.1. Once the computation
of Py (0) is completed, the second part of the program proof-Gray_Scott.m com-
putes an approximate solution ((‘57 tp) of F™N) = ( given by (2.3), the Frechet
derivative DI, F(0,y,), a numerical inverse Al of DII,,F(f, ) and verifies
that Al is injective. The third part of the code concerns the construction of
the radii polynomials and the verification of the hypotheses of Theorem 2.6. In
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Section 5.2, we present the final estimates specific for the construction of the
radii polynomials of the Gray-Scott equation.

Once all the ingredients of the proof are in place, we present in Section 5.3
the proof of Theorem 1.1.

5.1 Computation of the approximate parameterization Py
of the local stable manifold

Let us first denote by g : C* — C* the function given by the right-hand side of
(76). One has that at 7 = (1,0,0,0), Dg(y) has two stable and two unstable
eigenvalues. Denote the stable eigenvalues by A1, Ao, and let &1, &5 be associated
eigenvectors. As we will see, \; and Ay are distinct, negative real numbers.
Recall that the aim of the parameterization method is to find a ball B, and
smooth function P : B, C R? — R* which satisfies

P(0) =7,
P(0) = [&1]€2],
glP(01,02)] = DP(01,02) ( >€)1 )(\)2 ) {Z; ] . (77)

Assume that P : B, C R?2 — R* has the form

ZZO 0 Zﬁ 0 71”nmemog
2 emen
Zn 0 Zm 0 Umn (78)

P(6h,0-) = ” :
Zn Ozm 0 mne 92
Zn,:O Z =0 mn0m02
where ' o o _
a:)O = yl a’ZlO = fi 0’61 = g; fOI‘ 1= 17 27 3a 4. (79)

Note that in the set-up of the Introduction and Section 2, one has that

P(O)(Q) _ ZZO OZ»?; 0 }nngmgn
Zn Ozm 0 ?nnaman

and

Zn OZm 0 ;lnngmgn

We derive recursion relations by plugging the expansion given in (78) into the
invariance equation (77), expanding, and matching like powers. To this end,

oo 0 2 mAan
P(l)(e): ( Zn OZm 0 7rm9 02 >
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note that the left-hand side of (77) becomes

Py(61,62)
(Py - P2)(61,02) + AP (61,602) — A
P(61,02)] = , 80
oP(6:,02) Pt (50)
%P3(91,92) - %(P1 - P)(61,62)
ZZO:O Zﬁ:o amn0m02
A+ ZZO:O sz:o Tmn 0703 + ano Zm:O Aay,, 0705
ZZO 0 2m=0 Umn0703
Zn ozm 0 ; 0705 — ZZO:O Zi:o %Tmneineg

where {7, } are the coeflicients of the power series expansion of the nonlinearity

R(61,02) = (Py - P2)(0y,65).

Then
R(61,65) =Y > ronb"03
n=0m=0
o0 o0 2
= <Z at, 0’”92) <Z > afmagnag>
n=0m=0 n=0m=0
(S S ( 5 (35St
n=0m=0 n=0m=0 | j=0 i=0
o0 o0 n m 7 7
=2 2 (222222 atu GGl | 0705,
n=0m=0 \ j=0 i=0 k=0 ¢£=0
or

m
T"mn = . Z Z a(mfi)(n—j)a(i,g)(jfk)alk. (81)
Expanding the right-hand side of (77) gives

M1 55 391 Pi(01,02) + A2z 50 892 Py(01,02)

P(0r,05) Mo A 91991 2 (01, 02) +)\29239 2(61,62)
Doz )\202 A 91 891 (91, 92) + )\292 66‘ (91,92)
M1 55 297 P1(01,02) + Aoz 55~ a9, Pa(01,02)

(82)
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Each component of this vector field has the form

0 0
MO —Pr(601,0 Aolo——Pr(6+1,0
11891 7(61,62) + 2269 7(61,62)
= MO — 30 g;amam% + Aoy — 3 ;)T;)amngmog
- Z Z mAal 070N + Z Z nigal 0705, (83)
n=0m=1 n=1m=0

where I = 1,2, 3,4.

We match like powers in (80) and (82), isolate the mn-terms on the left-hand
side of the equation, and put the lower order terms on the right-hand side. This
computation leads to the system of equations

—(mA1 + nAg) 1 0 0 a%,m 0
aggady + A —(mA1 + nig) 20} 4, 0 s | = —smn
0 0 —(mA] + nXg) 1 adn N 0 )
—adgady /v 0 1/~ = 2adgadg/v  —(mX1 + nAg) ”‘in 5 smn

(84)
where a, = 0 in our case since ¥ = (1,0, 0, 0), see (79), and

%

n m ]
smn:ZZZ Qo —i)(n—) Oi—0) (k) Dok

<
Il
=)
-
Il
=)
O
o

with

1 |0 if {=m and k =n,
agy, otherwise,

for I =1,3. Then s,,, depends only on known quantities (terms of order lower
than mn). Since the coefficients of P are given to first order by (79), equation
(84) can be solved recursively to any desired finite order, as long as the matrix
in (84) can be inverted. Using this, one can then exactly compute the approxi-
mate parameterization Py (6). Note that if we let a,,, = (al,,, a2, , a3, at )

n) 'mn? 'mn’ 'mn

and by = (0, —Smn, 0, Smn/7), the recursion equations have the matrix form
[Dg(p) — (\im + Aan)I | amp = b, (85)
which is sometimes called the homological equation for P.

Remark 5.1 (Non-Resonance). We note that the matrix in (85) is the char-
acteristic matrix for Dg(p). The equation for the coefficient a,,, can be solved
uniquely as long as

A1m 4+ dAon #£ N fori=1,2.

Hence, for a given set of Gray-Scott parameters, we need to check that Aj/As
nor Ay/A; is an integer.
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More generally, the estimates in Section 4 show we only need to exclude
resonances

Z klAzz)‘]a jzla"'vaa
i=1,....K

for > k; < N, so that we can find, by the above algorithm, a polynomial Py
solving (61) exactly to N-th order. Indeed, we note that, since the eigenvalues
of Dg(¥y) are bounded in absolute value by Cy, and —p is an upper bound on
the real part of stable eigenvalues, it is straightforward to conclude that there
can be no resonances for Y k; > N + 1> Cy/pu, see (64).

Finally, we note that the theory of Section 4 goes through even in the pres-
ence of a resonance. However in that case the form of A, satisfying the invari-
ance equation (58) cannot be taken to be linear, and the resulting homological
equations are more complex than in the present case.

Remark 5.2 (Validation Values for Py). We note that Theorem 4.2 is appli-
cable to the Gray-Scott vector field by considering the function g(z) = g(7+x),
Py = Py — 7 where g is the Gray-Scott field, Py is the approximation whose
coefficients are determined by (85), and 7 is an equilibrium of Gray-Scott. Using
the explicit form of the Gray-Scott vector field it is possible to verify by hand

that )
Cs = 2pmax (1, )
v

satisfies condition (4) of Definition 4.1. The remaining validation value condi-
tions are verified rigorously using interval arithmetic.

Remark 5.3 (Properties of Py). Having a closed form for the coefficients,
as given by (85), is essential for computations as it provides the method for
computing the approximation Py to any desired order. In addition, the closed
form allows us to establish additional useful properties of the parameterization
function Py. For example note that if A1, Ao are real (as is the case for Gray-
Scott at the parameters we are interested in), then the coefficients a,, are always
real. Then we can conclude that P is real analytic, despite the fact that the
theory of Section 4 is developed entirely in terms of functions of several complex
variables.

Similarly, it is possible to show that for Gray-Scott a,,, = 0 whenever
n+m > 2 and n > m. We exploit this fact numerically, in order to speed
up the computation of Py (only non-zero coefficients need be computed). The
assertion can be checked directly for n +m = 2, and can be proved inductively
for n +m > 2 by taking into account that a3, = a3, = aly = 0. Note that
invertibility of the matrix implies that a coefficient is zero if and only if the
right-hand side of the equation is zero, and this happens only when s,,, = 0.

5.2 Radii polynomials for Gray-Scott

In this section we explicitly compute the radii polynomials for the Gray-Scott
equation. Recall that in the context of (8), one has that the right-hand-side of
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the general equation (1) is given by

2
LUz — A+ Aug
U(u) =" = 86
= vt = (10,0 0
We assume that we have verified the existence of validation values v, €1, C1,
Cs, p, p' and p, and that N, v and § satisfy the hypotheses of Theorem 4.2, so

that

)| < %, for || > N and j =0,1, (87)
and
Py — Plls, <.
Moreover, let
0<7 <v— max |6 (88)
1<j<n

be some chosen a priori bound on the radius 7.

The construction of the radii polynomials introduced in Definition 2.5 re-
quires the computation of the bound Y satisfying (22) and (23), and the bound
Z satisfying (25) and (26). Note that most of their construction was done in
the general setting in Section 2.4. However, as mention in Section 2.4.2, some
estimates required for the construction of Z are rather technical and are only
presented in the context of the Gray-Scott equation. More specifically, the
computations of the bounds A AM ¢ R? satisfying (41) and (37), respec-
tively, were not completed, and the expansions (38) and (48) and the associated
bounds T, I’y), fg_e) and fz(.,[,i satisfying (39), (43), (44) and (49) were not
carried through in the general case.

5.2.1 The bounds A
We need the bounds A(®, A ¢ R? satisfying

>y

i=1 [=1

Z ag)ai(al — (Si’l)O'a_ei_el S A(j). (89)

a€cS;

Defining
SV Sun{aeN ||a| <N},
S ¥ Siun{aeN| ol > N},

we can use (87) to split the sum in (89) as follows:

Z aPag(aq — 8 )o | < Z aPa(eq — 8 )o@
a€S; aesi(f;r)
g a—e;—e
+ 2 ai(al—5i,l)m|‘7| T
04681.(30)
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where 1 = (1,1,---,1) € R™ and where the first (finite) sum can be rigorously
bounded using interval arithmetic and the second (infinite) sum can be bounded
using analytic estimates, see below.

For brevity, in the following we restrict our attention to the case n = 2 for
the Gray-Scott system. For j € {0, 1}, one has that

2
E E E af) ai(aq = 6;1)0 7 < E: 0] ap0n(0r = 1)o7 o5
i=1 1=1|a€S;, aesyy
(]) a1—1 _ax—1 (4) — o1 gQ2—2
+2 E A5, X120 P + aOél a2a2(a2 1) 92
aeséf\p ae&f,f\;)
9 o a;—1 ags—1
ol 2| [ o]
+ E ar(a portaz e, O01+2 Z 102 Wal
aeSf}f) 04655?16)
2
01| 0|2~
Y Ll ol 7 sy
+ 2 poitaz ’ (90)
aeSé?;))

where 1 = (1,1) € R2. The first three (finite) sums on the right-hand side of
(90) can be bounded using interval arithmetic. The chosen a priori bound (88)
on r guarantees that the existence of 0 < 6y < 1 for k = 1,2 such that

’%’ < 6, for all O'kE[ék—T*,ék—l-?“*]. (91)

Hence, the last three (infinite) sums of the right-hand side of (90) can be
bounded using

1|17 ?|og|*
Z al(al o 1) Va1+ag

(XESE?) 1 N
S ﬁ E 041(04171 0.(111 —2 E Aaz
=2 as=N+1—a
o0
_|_ i ( _1 A041 —2 A012
2 a1l
a1=N+1 az=0

~N+1 N ai
g g
:% Z 1(041_1) <1>

V267 (1 — 62) =, P

N (N2 = N)6? +(2—2N?)61 + N2 + N)gV !
V2(1—61)3(1 — 62) ’
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and similarly for o € Sé?;) by interchanging the subscripts 1 and 2, as well as

1]+ ol
> e —

partas

S; E a&f‘l L E CYQAOQ 1

a;=1 as=N+1—aq

(S (£ )

~ (o5}
A 01
:V2011_0_222041 — (1—0’2)4—1](&2)

0411

aESé?f)

(N+01 NO’1)AN_
1/2(1 —0’1) (]. — 0'2)2 ’

Here the finite remaining sums can be evaluated using interval arithmetic. Using
the above inequalities, one can easily compute A(® A Ri.

5.2.2 The bounds T"

In order to obtain the expansion (38), denote 4y = (1, U2), & = (U1, U2) and
0 = (01, 02). For ¥ given by (86), one gets that d = 3 and that

DV (i, + ar)o — D (ay)(11,)" "0 = v +v@p 4 v3)p2

where

N =)o + 2india(] ~ 1145y )
L1 20y 5) (I — Iy) 5

< <
© =
| Il
/N N
4\.\;}9\ Q\HA
/\ §> S
MMI\JI\')
—
’\4
Iﬂ
NI
=
S
+

2u2111 + U1t ¥s + ol Do)
Uolo¥1 + Uy laDs + Usliy Do)

—L(a30, + iy ii272)

—

NO ( U501 + 207Uy > .

To find upper bounds for the terms given in (40) and (42), we use interval
arithmetic to compute, for any & € {0,...,m — 1}, the right-hand side of each
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of the following component-wise inequalities:

te+1
/ |v(1)(s)|ds <

ty

x| {183(s) + Al + 2| (s)iia(s)|}

s k ; _t

(1/7) _max {u2 +|1—2ul() 2(s)} (b — i)
SE[tr,tr41]

/ = O (s)lds <

123

e {1 =)l(@5(s) + )] + 21 = s)[an(s)ia(s)]}
(1/7) _max  {(1—s)liz(s )|+(1—8)|1—2u1() J(s))} | (B~ te)w

SE[tk,tht1]

tht1
/ [v® (s)lds <
tr

< 2?7 ) Le[tk,ml}{'ul( ) +2|ﬁ2(3)}] (bera — te)w +1)°

/ :k”u — VO (s)lds <
( 237 ) Lemax {1 = s)|ai(s)] +2(1 - s)|ﬁ2(3)|}] (st — t)(w + 1)?

SE[tr,trt]

/tw v® (s)|ds < ( 3?7 ) (bor — t)(w + 1)

tr

Fhet1 3 te +t
/ (1= $)v®(s)[ds < (b — ) (1 — TR ),
tk 3/ 2
The bounds I'9), I‘y) and f;@) can be derived from this directly. We then have
all the ingredients to build the V(1) V() V() ¢ R?m+4 from (45) and then the
construction of Z1, ..., Zy (o) follows directly from (46).

Concerning the estimate Z,,, for the expansion (48) we find ¥ = v(©) for
{ =23, while

1 _ (’&% + )\)Ul ~+ 2U1Uo Vs
—%ﬁ%’[] + = (1_2UIU2)U2
From this we estimate
s e 1 s amin
sup |[VV/(s)| < otk w+1
= ) e i +|1—2u1 ()@Y
2 N N
sup |v<2><s>|<(2 )[ max {u1<s>|+2|uz<s>|}] (w+1)?
Se[tk7tk+1] /fy Se[tk7tk+1]

IN

<(3) 3 3
sup  [V'(s)] ( ) (w+1)°.
SE€[tK,tr+1] 3/’7
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K3
using (51), one can compute the expansion (50) and finalize the computation of

the coefficients of the radii polynomials in Definition 2.5.

The bounds ﬁﬁi in (49) are then computed using interval arithmetic. Finally,

5.3 Proof of Theorem 1.1

Proof. Consider (),%) € X5 and fix the following quantities, where subscripts
+ and — distinguish the cases k£ > 0 and k < 0, respectively:

Ly =12 L_=17 — time rescaling factor;
Ny =13, N_ =15 — approximate parameterization order;
v =1.5 — domain radius of the parameterization;
r« =.003 — a priori upper bound satisfying (88);
w=.01 weight of the tail of B(r,w) given by (21);

0
1% . . Li
&= | SireEs — eigenvector of length 1.2 associated to A\; = ——;
~ l2Ly N/?

1.2

J1+AL1

1.2V XL 4

& = NE=vEs — eigenvector of length 1.2 associated to Ay = ~VALy;

0
0

As mentioned earlier, the proof requires success in the run of the Matlab
computer program proof Gray_Scott.m. This computer program uses the pack-
age Intlab developed in [31]. The program has three parts:

Part I. Using the non-resonance condition mentioned in Remark 5.1, solve the
homological equation (85) up to order Ny and then compute explicitly the coef-
ficients a, of the approximate parameterization Py, . Note that one can use the
symmetry conditions from the second part of Remark 5.3 to speed up this com-
putation. Next, we need to compute the validation values from Definition 4.1.
Using interval arithmetic, we compute €., p' and C;. We compute Cs using
Remark 5.2 and the computation of u is trivial. We let My = 3, My = 1§?g§4
and p = p’ + 0.0001. Using all the above mentioned computed quantities, one
can find 6 = 6(A) > 0 such that the hypotheses of Theorem 4.2 are satisfied.

Part II. Verify the assumptions A.1, A.2, A.3 and A.4 from Section 2.3. More
precisely, apply first Newton’s method to the finite dimensional reduction (17)
to get a numerical approximation (é, Gip). Then compute the Frechet derivative
DII,,,F (6, i) and an approximate inverse Al of DIL,, F(6, ). Finally, we ver-
ify that the matrix A is injective by showing that ||I,,, — Al DIL, F(0, dn)]|e
is less than one.

Part ITI. Combine the ingredients from Part I and Part II to construct the radii
polynomials of Section 5.2. In the process, one needs to determine 0 < &5 < 1
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for k = 1,2, such that (91) holds. Using these polynomials, find » > 0
satisfying the hypotheses of Theorem 4.2 and verify that » < r,. The set
B = B(\) = (0,4y) + B(r,w) then contains a unique zero of F given by (14).
This unique zero correspond to an even homoclinic solution to the steady state
7 = (1,0,0,0) of the Gray-Scott vector field (76).

The program proof-Gray_Scott.m performed successfully all of the three
steps of the above algorithm with m = 1200 for the parameter values (A, %) €

{(H'%ﬁ) ck=-8,..., —1}, and with m = 350 for the parameter values
(\7) € {(H'%ﬂ) ck=1,... ,22}. The source code is available at [4]. O
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