Global bifurcation diagram of steady states of systems of PDEs
via rigorous numerics: a 3-component reaction-diffusion system
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Abstract

In this paper, we use rigorous numerics to compute several global smooth branches of
steady states for a system of three reaction-diffusion PDEs introduced by Tida et al. [J. Math.
Biol., 53, 617641 (2006)] to study the effect of cross-diffusion in competitive interactions.
An explicit and mathematically rigorous construction of a global bifurcation diagram is
done, except in small neighborhoods of the bifurcations. The proposed method, even though
influenced by the work of van den Berg et al. [Math. Comp., 79, 1565-1584 (2010)],
introduces new analytic estimates, a new gluing-free approach for the construction of global
smooth branches and provides a detailed analysis of the choice of the parameters to be made
in order to maximize the chances of performing successfully the computational proofs.
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1 Introduction

Establishing the existence of non constant bounded solutions to parameter dependent systems
of reaction-diffusion PDEs is a classical problem in nonlinear analysis. Methods like singular
perturbation theory [1], local bifurcation theory (see [2] and the references therein), the local
theory of Crandall and Rabinowitz [3], and the Leray-Schauder degree theory can be used to
prove existence of such non constant solutions. However, it appears difficult in practice to use
such results to answer specific questions about the solutions, e.g. determining the number of
(or a lower bound on the number of) non constant co-existing steady states. If the parameter
dependent system under study undergoes a bifurcation from a trivial solution, it also appears
difficult to determine rigorously the behaviour of the solutions on the global bifurcating branches.
The global bifurcation theorem of Rabinowitz [4], although powerful and general, can convey
only partial information about the global behaviour of the branches.

While the development of theoretical knowledge about existence of solutions of systems of
PDE:s is slow, meticulous and often hard to grasp for non experts, there exist several user friendly
bifurcation softwares that can efficiently produce tremendous amount of bounded approximate
solutions. However, with any numerical methods, there is the question of validity of the outputs.

The goal of this paper is to propose, in the context of studying non constant steady states
for systems of PDEs, a rigorous computational method in an attempt to fill the gap between
the above mentioned theoretical and computational advances. More specifically, we compute
rigorously a global bifurcation diagram of steady states for the 3-component reaction-diffusion
system arising in population dynamics introduced in [5], and given by
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where x = z(£,t), y = y(&,t) and z = z({,t) are defined for ¢ > 0, £ € [0,1] with Neumann
boundary conditions and with the following fixed numerical values a; = 3, ag = 3, by = 1,
by =1, 11 =5, r0 =2, =3, =0.01l and N = 1. We consider the diffusion d as a free
parameter. The above choice of fixed parameter values is chosen so that, when the parameter
d varies, Turing’s instability (e.g. [6]) can be observed. More precisely, varying the diffusion
d can destabilize the constant steady state solution given by (z,y,z) = (27117 g, %), which is
stable for the corresponding finite dimensional ODE model without diffusion terms. Hence, by
changing the diffusion d, interesting non trivial bounded stationary patterns can arise as a result
of Turing’s instability, which is one of the most important mechanisms of pattern formation.
Note that considering a 3-component reaction-diffusion system allows having Turing instability
with quadratic reaction terms, as opposed to the standard cubic case. A nice consequence of
this choice of system is that the nonlinear terms are easier to estimate than in the cubic case.
The system of PDEs (1) has been introduced in [5] with the goal of studying the (theoretically
harder to study) cross-diffusion model for the competitive interaction between two species
{3tu1(§7t) = A[(d1 + auz)ui] + (r1 — aqur — brug)uy, @)
Opug(&,t) = Al(da + Pur)ug] + (r2 — bouy — aguz)us,
where u; = uy (&, t), ue = ua(§,t) are defined for ¢t > 0, & € [0, 1], and satisfy Neumann boundary
conditions. As already mentioned in [5], model (2) falls into quasi-linear parabolic systems so
that even the existence problem of solutions is not trivial and has been investigated by several
authors (e.g. see [7, 8, 9] and the references therein). It is shown in [5] that the solutions of
(2) can be approximated by those of (1) in a finite time interval if the solutions are bounded
and provided ¢ is small enough. It is also proved in [10] that the steady states of the reaction-
diffusion system (1) approximates the steady states of the cross-diffusion system (2) as € goes
to 0. Hence, developing a rigorous computational approach to prove existence of non constant
steady states of (1) seems to be an interesting problem, as it may shed some light on how to
rigorously study non constant steady states of a cross-diffusion model (see Theorem 2). Here is
a first result, whose proof can be found in Section 5.

Theorem 1 (Rigorous computation of a global bifurcation diagram). Ezcept in small
neighborhoods of the bifurcations, each point in Figure 1 represents exactly one steady state for
(1), each curve on the diagram is smooth and between the apparent bifurcations (in black dots),
there are no secondary bifurcations of steady states.

Let us briefly introduce the ideas behind the rigorous method. First, the steady states
(z,y, z) defined on [0, 1] of (1) with Neumann boundary conditions can be extended periodically
on [~1,1] and then expanded as Fourier series of the form z(§) = % + Y7~ @ cos(knf),
y(&) = B + Xgs1ykcos(knf) and z(§) = B + Y p>q 2k cos(knf). Plugging the expansions of
z, y and z in (1) and computing the Fourier coefficients of the resulting expansions yield the
following infinite set of algebraic equations to be satisfied
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Figure 1: The rigorously computed bifurcation diagram of Theorem 1. Note that the apparent bifur-
cations which appear in black are not proved rigorously. The horizontal axis represents the diffusion
parameter d while the vertical axis represents the value z(0) of the steady state (z,y,z) of (1). The
apparent intersections which are not denoted by black dots are not bifurcation points, e.g. see Figure 9
(¢),(d) for a geometrical interpretation of apparently close solutions.

where n > 0, [¢ * ¢|, & %Zkez Pk|Pn—k| and where I ¢ *x¢. Given n > 0, let uy, )
(L, Yn, zn) the n-th Fourier coefficients of (z,y, z) and let u = (uy,)n>0. Define U = (d, u) and
let f,(U) & (fn, (U), Jn,(U), fn.(U)), where each component is defined by (3). Finally define
fU) = (fn(U))n>0- In order to compute steady states of (1), we will be looking for solutions U
of f(U) =0 in a Banach space of fast decaying coefficients. Let us be more explicit about this.

As in [11], we define weight functions (¢ > 1)

1, n=0;
q __ ) ’
wn_{ nq) nZL (4)

which are used to define, for u = (uy,),>0 as defined above, the norm

[ull, = sup |un|,, wi, (5)
neN

where ¢ > 1 is a decay rate and |u, |, = max(|zy|, [ynl,|2n|). Define

d
o7, = max {19 u, | )
where p is a constant whose value will be chosen later, and Q, = {U =(d,u) | U], < oo}, a

Banach space with norm (6) of sequences decreasing to zero at least as fast as n™%, as n — oo.

Lemma 1. Fiz a diffusion parameter d and a decay rate ¢ > 1. Using the above construction,
U = (d,u) € Qg is a solution of f(U) = 0 if and only if (x,y, z) is a strong C*-solution of the
stationary Neumann problem of (1).

Proof. Assume that U = (d,u) € € is a solution of f(U) = 0. Since ), is a Banach algebra
for ¢ > 1 (see Section 3.5), then one can use a bootstrap argument (e.g. like the one in
Section 3.3) with the fact that Q, C Qg for any go € (1, ¢] to get that U € Qg for every gy > 1.
By construction of f given component-wise by (3), (z,y,z) defined by the Fourier coefficients



(un)n>0 = (TnyYn, 2n)n>0 is then a strong C?-solution of the stationary Neumann problem of
(1). Now, if (x,y, 2) is a strong C2-solution of the stationary Neumann problem of (1), it is in
fact, by a bootstrap argument on the PDE, a C°-solution. Hence, the Fourier coefficients of
(x,y, z) decrease faster than any algebraic decay, which implies that U € €, for all ¢ >1. O

Hence, based on the result of Lemma 1, we focus our attention on finding U € €2, such
that f(U) = 0, for a fixed ¢ > 1. To find the zeros of f, the idea is the following. Find an
approximate solution U € Q, of f = 0, which is done by applying Newton’s method on a finite
dimensional projection of f. Then construct a nonlinear operator 1" : €, — ), satisfying two
properties. First, it is defined so that the zeros of f are in one-to-one correspondence with the
fixed points of T, that is f(U) = 0 if and only if T(U) = U. Second, it is constructed as a
Newton-like operator around the numerical approximation U. The final and most involved step
is to look for the existence of a set B C €, centered at U which contains a genuine zero of the
nonlinear operator f. The idea to perform such task is to find B C ), such that T': B — B is
a contraction, and to use the contraction mapping theorem to conclude about the existence of
a unique fixed point of 7" within B. The method used to find B is based on the notion of the
radii polynomials, which provide an efficient means of finding a set on which the contraction
mapping can be applied [12]. We refer to Section 2.2 for the definition of the radii polynomials
and to Section 3.8 for their explicit construction. The polynomials are used to find (if possible)
an r > 0 such that T is a contraction on the closed ball B(U,r) of radius r and centered at U
in g, for ||-[|,. With this norm, the closed ball is given by

B(U,7) = U + [—7’,7’] < T1 {—Tq,:r. (1)

neN Wn Wn

The above scheme to enclose uniquely and locally zeros of f can be extended to find smooth
solution paths {U(s)}ser such that f(U(s)) = 0 for all s € I in some interval I. The idea
is to construct radii polynomials defined in terms of both r and s and to apply the uniform
contraction principle. With this construction, it is possible to prove existence of smooth global
solution curves of f = 0. See Section 2.2 for more details.

Before proceeding further, it is worth mentioning that the method proposed in the present
work is strongly influenced by the method based on the radii polynomials introduced in [12] and
the rigorous branch following method of [11]. There are however some differences. First, prior to
the present work, the method based on the radii polynomials has never been applied to systems
of reaction-diffusion PDEs. Second, new convolution estimates are introduced in Section 3.5 for
a new range of decay rates, that is for ¢ € (1,2). The importance of these new estimates is that
they can improve the success rate of the proofs while reduce significantly the computational time.
Indeed, it is demonstrated in Section 4.2 that using ¢ < 2 can greatly improve the efficiency of
the rigorous method based on the radii polynomials. Also in Section 4.2, a detailed analysis of
the optimal choice of the decay rate parameter ¢ > 1 is made, where the goal is to maximize
the chances of performing successfully the computational proofs. Note that prior to the present
work, the method based on the radii polynomials has only used decay rates ¢ > 2. Third, the
method here is slightly different from the approach of [11] for the construction of global branches
in the sense that it is a gluing-free approach. More precisely, it means that no extra work has
to be made to glue together adjacent small pieces of smooth curves (see Theorem 6). This is
due to the fact that here, a global C? piecewise linear numerical approximation of the curve is
constructed, while in [11], the global representation of the curve is piecewise linear but not CY.

Let us present a consequence of Theorem 1. This result could be hard to prove with a purely
analytic approach. Its proof is presented in Section 5 and see Figure 2 for a representation.



Corollary 1 (Co-existence of non constant steady states). Consider 3-component reaction-
diffusion system of PDEs (1) with the fized diffusion parameter d = 0.006. Then (1) has at least
eleven distinct co-existing steady states with ten of them being non constant.
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Figure 2: Geometrical interpretation of Corollary 1. In red, eleven co-existing steady states of (1) at
the parameter value d = 0.006. Ten of these solutions are non constant.

The following result may be a step toward rigorously studying steady states of the cross-
diffusion model (2). Its proof is omitted since similar to the proof of Theorem 1.

Theorem 2 (Rigorous computations of approximations for a cross-diffusion model).
Fiz d = 0.02. For each ¢ € {1072,1073,107%,107°}, there exist a non-trivial steady state
solution (xe,ye, zz) of the reaction-diffusion system (1). See Figure 3 for a representation.
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(a) Diagram of Theorem 1 with point 1 (in red) (b) (u1,u2) at ¢ = 1072 corre-
corresponding to the starting point of the contin- sponding to the red point on the
uation done in the proof of Theorem 2 as € N\ 0. bifurcation diagram on the left.
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Figure 3: Corresponding to the rigorously computed steady states (z.,ye, z:) of (1) from Theorem 2,
we define u1(g) = 2. + y. and us(e) = z.. There is apparent convergence as ¢ approaches zero.



The solutions in Figure 3 are rigorously computed using the method presented in this paper.
In fact the computation uses a simpler version of the method because the proofs of existence
are only done at discrete values of the parameters. As can be seen in Table 1, there is apparent
convergence as € goes to zero. The |[-|| ., bounds there are rigorous because we control through
r = 10~% (the radius of the ball (7)) the error we have made with the numerical approximations.
According to the work of [10], the solution on Figure 3(e) given by (u1(g),u2(e)) = (e + ye, 2¢)
when ¢ = 107° should be close to a solution of the cross-diffusion system (2).

€1 g2 | max (JJui(er) — u1(e2)llo s lualer) — ua(e2)lls)
1072 | 1073 0.2918
1072 [ 1071 0.0757
10741 10°° 0.0092

Table 1: Apparent convergence of the rigorously computed steady states of the 3-component reaction-
diffusion system (1) toward a steady state of the cross-diffusion system (2).

The paper is organized as follows. In Section 2, the general method is introduced. In
Section 3, the method is applied to the problem of computing rigorously steady states of the 3-
component reaction-diffusion system (1), where the radii polynomials are explicitly constructed
in this context. In Section 4, a detailed analysis of the optimal choice of the parameters Ag, m
and ¢ is made, with the goal of maximizing the chances of performing successfully the compu-
tational proofs. Finally, in Section 5, the proofs of Theorem 1 and Corollary 1 are presented.

2 Description of the general method

In this section, we present the general method, leaving some technical details to Section 3, where
all the computations and estimates are presented explicitly to compute several global smooth
branches of steady states of (1). The attention is now focused on describing a general method
to prove existence and compute global smooth solution curves of f(U) = 0 in a Banach space
Q, of fast decaying Fourier coefficients. The method is based on the radii polynomials, first
introduced in [12], and is strongly influenced by the rigorous branch following method of [11].
The idea is to compute a set of numerical approximations {Uy, ..., U;} of f = 0 by considering a
finite dimensional projection, to use the approximations to construct a global continuous curve
of piecewise linear interpolations between the U,’s (see Figure 5) and to apply the uniform
contraction principle on tubes centered at each segment to conclude about the existence of a
unique smooth solution curve of f = 0 nearby the piecewise linear curve of approximations. The
approximate curve is computed using pseudo-arclength continuation (e.g. [13]).

2.1 Construction of a piecewise linear curve of approximations

To construct a piecewise linear curve of approximations of f = 0, we consider a finite dimensional
projection fI™ of f whose dimension depends on m (see Section 3.1). In what follows, (-)"
denotes considering this finite dimensional projection. Reversely, when we have some finite
dimensional vector U™, U denotes the infinite vector obtained by completing U™ with zeros.

Suppose we have an approximate zero Hgn] of f™l(dy,-) at dy. Then, given U(gm] £ (do, u([)m}>,

we compute an approximate tangent vector U(gm], that is D fm] (Uém}) (U(gm}> ~ 0. Consider
0§ = U5 + a0, (8)

a predictor, where Ay is a parameter (whose value, representing roughly the arc length of curve
we are covering in one step, is discussed in Section 4.1). Consider also the plane II whose



def

equation is given by E(U) = (U — Ug) - Up = 0. The pseudo-arclength operator is

F:Uw~— <E<U)> ,

and using Newton’s method with initial point (A]([)m}, we compute Ul[m] such that FI™ (Ul[m]) ~ 0.
We refer to Figure 4 for a geometrical representation of a pseudo-arclength continuation step.

A next predictor-corrector step can be performed starting at Ul[m}, and so on.

Figure 4: A predictor-corrector step with pseudo-arclength continuation.

Applying the predictor-corrector step j times, we compute a set {Uo, .. ,Uj} of approxi-
mations that defines a piecewise linear approximation curve (see Figure 5). The next step is to
show existence of a unique smooth solution curve C of f = 0 nearby the piecewise linear curve of
approximations, as portrayed in Figure 5. This task is twofold. First, one shows the existence of
a unique portion of solution curve C(9 in a small tube centered at the segment [U;,U;s1]. This
is done in Theorem 3 by showing that a Newton-like operator 7" is a uniform contraction on the
tube. To verify the hypothesis of the uniform contraction principle, Theorem 4 is introduced.
This requires the construction of some bounds, which are presented in Section 2.2.1. In prac-
tice, verifying the hypothesis of Theorem 4 is done via Lemma 2 by using the radii polynomials
which are presented in Section 2.2.2. From Lemma 2, one sees that the strength of the radii
polynomials is that they provide an efficient means (in the form of a finite number of polynomial
inequalities to be checked rigorously on a computer using interval arithmetic) of finding a set
on which T is a uniform contraction. Second, one shows that each C(¥ is smooth, and that

def - 7
C = U c@
=0

is a global smooth solution curve of f = 0. In Section 2.3, we show how the smoothness of
€% can be proved by verifying the hypothesis of Theorem 5. Afterward, we show that if the
hypotheses of Theorem 5 and Theorem 6 are satisfied, then C® and CO*Y connect smoothly.
The smoothness of the global solution curve C follows by construction.

2.2 Newton-like operator, uniform contraction and radii polynomials

Let us define what is required to prove existence of some portion of smooth curve C®. Without
loss of generality, let us introduce the idea to prove the existence of C(0) that is the piece of
curve close to the segment [Ug, U] with two approximate tangent vectors Up and U; at those
points given by the pseudo-arclength continuation algorithm. For any s in [0, 1], we set

def

Us € (1-s)Uo+ sU1 =Ug + sAU, where AU = U, — Uy



Figure 5: Piecewise linear curve approximation (in black) constructed using pseudo-arclength continu-
ation and existence of a global smooth solution curve C of f = 0 (in blue) nearby the approximations

and
def

U, = (1— S)Uo + sU; = Uy + sAU, where AU 0, - Us.

Then we define, still for s in [0, 1], the hyperplane II; whose equation is given by
E,(U) = (U-T,) U, (9)
the function
e [ Es(U)
F(U) < (7 10
) ( i ) (10)
and the Newton-like operator
TS(U) d:ef U_JFS(U)v (11)

where J is an injective linear operator approximating the inverse of DFjy (Uo) (see Section 3.2

for an example of how to construct J and check that it is injective). We now use the uniform
contraction principle on Ty to conclude about the existence of a curve of fixed points that
corresponds, by injectivity of J, to a solution curve of f(U) = 0.

Theorem 3. If there exists some r > 0 such that

B [0,1] x B(0,r) — B(0,r)
' {(s,V)t—>TS (Vv+T,) -T,

is a uniform contraction, then for every s € [0,1], there exists a unique U(s) € B Us,r) such
that F (U(S)) = 0. Moreover, the function s — Ul(s) is of class CF if (s,V) + T(s,V) is of
class C*.

Proof. This is a direct application of the uniform contraction principle (e.g. see [14]). O

It seems legitimate to expect Ty to be a contraction on a small set containing the segment
[Ug,U1] parameterized by U, (s € [0,1]) since Ty is an approximate Newton operator at Uy.

2.2.1 Definition of some bounds

To prove that T is a uniform contraction on B(0,r), we prove the existence of bounds Yy(s),
Y, (s), Z4q(r,s) and Z,(r, s) such that for every n € N and s € [0, 1],

7 (T:) U] | < Ya(s) amd |[7. (T) =T | < Yas). (12)



sup

V,V/€B(0,r) {DTS <Us * V) (V/)L‘ < Za(r,s) and sup

V,V'eB(0,r)

(DT (T +V) (V)] | < Zars).

(13)
The subscript (-)g corresponds to the first entry d of U and the first entry Fg of Fy. We set
Y = (Yq,Yo,..., Yn,...), where Y,, € R? (same for Z). Absolute values and inequalities applied
to vectors are considered component-wise. For the sake of simplicity of the presentation, we omit
to write explicitly the dependence of those terms in r and s when we are not focusing on them.
Let us now give some sufficient conditions on those bounds for 7" to be a uniform contraction.

Theorem 4. IfY, Z verify (12) and (13) resp, and if there exists r > 0 such that for all s € [0, 1]
Y (s) + Z(r,s)lly <, (14)

1Z(r, )l

then T is a uniform contraction on B(0,r), with contraction constant k < max 1 <1.

s€[0,1] r
Proof. For all s € [0,1], j € Up>0{na,ny,n.}, V.V € B (Us,r), the mean value theorem yields
the existence of W = AV + (1 — \)V' for some A = \(j) € [0, 1], such that

[To(V) = To(V')]; = [DTL(W)(V = V)],

Then

Zj (’I”, 8)

[T.(v) = (V)| < ;

1
V=, = V=V,

r(V-V")

1T.0v) - )| < 20y v

Similarly,

Therefore, for all s € [0,1] and V, V' € B(0,r),

12 (r, s

3 3 i
|, v) =T, V) L = vl =]V =V,

T, (V+0,) -1, (V' +T,)

ol <
q q

and for all s € [0,1] and V € B(0,r),

r

HT(S,V)Hq = |r.v) - T,

<|

T,(v) -1, (U,)

Ll

Ts (Us) - Us

<|[Z(r,s) +Y(s)ll, <
q q

O]

Suppose the bounds Y and Z verifying conditions (12) and (13) are computed. To be able
to use Theorem 4, we need to check that those bounds also verify inequality (14). Note that for
every n € N, Y}, is a function of s and Z, is a function of both r and s. Besides, they can be
constructed as polynomials in r and s, and for n greater than some M, we can choose

N wq
Y, =0 and Z,=Zy-2,
Wn

where Z; is also a polynomial in r and s. Those assertions are not explained in details here.
We refer to Section 3.6.2 and Section 3.7.3 for explicit details. For the moment, let us only say
that Y, can be taken to be 0 for n large enough because Ug has only a finite number m of non

zero coefficients, and hence [Ts (US) — Us} = 0 for n large enough. Let us now introduce the
n

radii polynomials which allow us to verify inequality (14) using rigorous numerics.



2.2.2 Radii polynomials

Let M be a computational parameter. We refer to Section 3.6 to determine how to choose its

value. Define
def

Py(r,s) = Yy(s) + Zy(r,s) — %,

for 0 <n< M,
Po(r,s) = Yu(s) + Zn(r,s) — —
n
and for n = M,

r

Py(r,s) = Zn(r,s) — o

r
Note that the term —— has to be understood component-wise.
Wn

Lemma 2. Suppose that there exists v > 0 such that for all s € [0,1],
Py(r,s) <0 and P,(r,s) <0 forall 0 <n <M.
Then inequality (14) is satisfied and Theorem 4 holds.

Proof. By definition of the radii polynomials, we have that

wih

Ya(s) + Za(r,s) < % and Yo (s) + Zn(r,s) < -

A

for all 0 <n < M. Since Py(r,s) = Zp(r, s) — Lq < 0, we also have that

Yn
A wi r
Yo(s) 4+ Zn(r,s) = Zy(r,s)—g < —,
Wn, Wn,
for all n > M. Therefore inequality (14) is satisfied. O

We show in Section 4.1 how to carefully chose A; and m to maximize the chance of finding
an r > 0 satisfying the hypotheses of Lemma 2. Lemma 2 is useful for checking efficiently the
hypotheses of Theorem 4, and therefore Theorem 3 by verifying a finite number of inequalities.

2.3 Constructing a global smooth solution curve

Suppose now that we found r > 0 satisfying the radii polynomials inequalities of Lemma 2.
Hence, by Theorem 3, there exists a smooth function s € [0,1] — U(s) whose image C(?) is the
only solution curve to f = 0 within in a small tube of radius 7 centered at the segment [Uq, U1].

More precisely, this tube is given by { U|3dse0,1], UeB (US, r) N HS}. The following result

is similar to Lemma 10 in [11].

Theorem 5. Suppose that

= AT Oy +r (W)™ - |AU| + |AT - AU| <0, 15)
where
T
m 1 1 1 1 1
(Wf)[]: g g q [ q ?
P W wo “m—1 “m—1
3 times 3 times

d
then CO) is a smooth curve, that is, for all s € [0,1], d—g(s) #0.

10



Proof. Considering the equality F4(U(s)) = 0 and taking its derivative with respect to s,

dU . IOE, -
g(s) Us =5 (U(s)).

Recalling the definition of Ey from (9),

OF,
0s

(U(s)) = =AU - Uy + (U(s) = Uy) - AU = sAU - AU. (16)

Hence, for all s € [0, 1],

E, - . - . .
aas (0(s)) < —AT - Uy +r (W)™ - |AT| + s |AT - AU,

: ~ — : o . OEs - :
since ’U(s) —Us|| < r. Finally, using inequality (15), for all s € [0, 1], 5 (U(s)) #0. This
q . s

dU
proves that for all s € [0, 1], %(5) # 0, yielding the smoothness of C(©). O

In practice, the hypothesis of Theorem 5 are checked rigorously using interval arithmetic.
Remark that this hypothesis is very reasonable if r is small enough. See Figure 6 for a geometric
representation of the important quantities involved in the hypothesis (15). One can see there
that if the length of the segment [Ug, U1] is small, that is if the vector AU is small, then the
vectors AU and AU should be close to be perpendicular and the vectors AU and Uy should be
close to be parallel. Hence, AU - Uy should be close to the value ||AU||||Uo|| while the vector

AU - AU should be close to 0. Hence, for very small value of r, the value of 7 (W] )[m} . ‘AU ‘
should be small, and then the chances of satisfying inequality (15) should be high.

Figure 6: The important quantities involved in the hypothesis (15) of Theorem 5.

Assuming that two consecutive smooth curves have been computed, we can prove that they
connect smoothly in one curve. Using the notation ()9 (resp. (-)V)) to refer to the first (resp.
the second) portion of curve. The following result is similar to Proposition 8 in [11] but two
aspects are different. First the gluing of C(9) and C(V) comes for free from the C° representation
of the union of the segments [Ug, U1] and [U1, Us]. Second, the proof that C(O) UC() is smooth
at the intersection C(9 N C™) is more detailed and calls upon the implicit function theorem.

Theorem 6. Assume that the hypotheses (14) of Theorem 4 and (15) of Theorem 5 are satisfied
between Ug and Uy, and also between Uy and Uy. Then cOycW s a smooth curve.

Proof. Since Theorem 4 is satisfied over the segment [Ug, U] (resp. [U1,Us]), consider the radius
(O (resp. () satisfying (14). Without loss of generality, one can assume that 7(©) £ r(1) by

11



continuity of the radii polynomials. Theorem 4 allows us to use Theorem 3 to get the existence
of two smooth functions U and U™ whose images are C(®) and C(V). First we prove that the

two curves connect, that is U© )( ) = S )( ). Recalling (10), we have that Fl(o) = Fél), in
particular USO) =U, =0, o'V and H( ) = él) Moreover, U (0)( ) is the only solution of Fl(o) =0
in B (Ul, 7,(0)) and UM(0) is the only solution of Fé )=0in B (Ul, 7’(1)). Hence U (1) and

UM (0) are both solutions to Fél) = 0 and since one of the two balls must be included into the
other (they have same center) the two solutions are equal.

From now we assume without loss of generality that r(©) < r() and we show that the
connection between the two curves is smooth. For all s in [0, 1], the radii polynomials are
negative at r(®) > 0. The fact that the radii polynomials are continuous in s yields the existence
of g > 0 such that those polynomials are still negative for s in [0,1 + &¢], and then that
TO is still a uniform contraction for [0,1 + £o]. As a result, U can be extended into a

smooth function defined on [0,1 + £¢] such that f ((7(0)(3)) =0, for all s in [0,1 4+ o]. Hence,

UO (1,14 &g]) € M. We want to find s € [0, 1] such that U (1 +¢) € 1Y for all ¢ € [0, 0]
To do that, set
©: (g, s) — ([7(0)(1 +¢e) —Uil)) UM,

We have ¢(0,0) = ((7(0)(1) - Ul) Uy =0 and ¢(0, s) = (1 (U'( )(1)), SO

9% )—8E§1)
ds 7 0Os

(0O).

s=0

0
Since the hypothesis of Theorem 5 is verified, we get according to (16) that 6—90(0, 0) < 0. Hence
S

the implicit function theorem holds and there exist £; € (0,e0] and a smooth function s : ¢ €
[0,e1] = s(g), such that s(0) = 0 and (e, s(¢)) = 0. Also,

oL Oy

0,0) + =(0,0)s(0) =0
20,00+ 20,050 =0,
and since

9o a7 9o

g(o, 0)= s (1)-U; > 0 and B (O 0) < 0 according to (16) and the hypotheses,

we have that s'(0) > 0. Hence, there exists €3 € (0, 1] such that for all € € [0,e2], s(e) € [0, 1]

and Fs((l)) (U( )(1 +5)) = 0. Given that for all € € [0,¢e9], FS((E)) = 0 has a unique solution in

B (ngy (1))’ showing that HU(O)(I +e)— U&i) < M will conclude the proof. Now,
q

+(0)

0@ +e) - v . |00 +e) - T

IA

TR T 05 - T

A

r© 4 ¢ HAU(O)Hq + s(e HAU Hq.

Using that s(0) = 0, that s(¢) is continuous and that #(®) < (1) there exists e3 € [0, £s], such
that for all € € [0, €3],

[T +e) - T,

<,
q
By uniqueness, U© ([1,1 + e3]) ¢ ¢, O

The following result can be used to determine that a path of solution does not undergo any
secondary bifurcations.

12



Corollary 2. Consider Ty defined by (11) and assume that the hypotheses (14) of Theorem
and (15) of Theorem &5 are satisfied. Then for every s € [0,1], dim (Ker (Df (0(3)))) =1,
that is U(s) is a regular path (where s +— U(s) is defined in Theorem 3).

Proof. According to (12), we have that

[DTS (US + V) Wl)h‘ < Zy(r,s) and Vy,seug(o’r)

sup {DTS (US + V) (V’)]d‘ < Zy(r, s).

V,V'eB(0,r)

Since U(s) € B(Us,r), we get that

an (107 (009) (7)< 202 ana o ([ (019) (7)) < 2422

VeB(0,1) r VeB(0,1)

Hence
<1,

IIZ " 8) 12(r,5) + Y (r,s)
oz @), < = <
because Y and Z have non negative entries and (14) holds. So we have that

|1 —JDF, (0(s)) Hq <1

N > ~ k
We get that JDF} (U(s)) is invertible (its inverse is given by » (I — JDFS(U(S))> ), and so

DF; (U(s)) is injective. Let us show that for every s € [0, 1], dim (Ker (Df (ﬁ(s)))) =1
Suppose by contradiction that dim (Ker (Df (U(s)))) > 1. Let U,V € Q4 two linearly inde-
pendent non-trivial vectors such that D f (ﬁ(s)) (U)=Df (U(s)) (V) =0. Since DFj (U(s))

is injective, )
DF, (U(s)) (U) = (l;i((UU(S)))((UU))) _ (U U) Lo,

Hence, Uy - U # 0 and U, - V # 0, and then we can define W = UUU — UVV # 0. We con-

clude that DF; (U(s)) (W) = 0. This is a contradiction. Hence dim (Ker (Df (U(s)))) <1

The derivative of the relation f (U (5)) = 0 with respect to s is given by
-~ dU
Df(U(s)) | ==(s) | =
f(U(s)) (ds (8))

We showed in the proof of Theorem 5 since (15) holds, that CfTU(s) # 0. Hence, for every
s
s € [0,1], dim (Ker (Df (U(s)))) = 1, meaning by definition that U(s) is a regular path. [

3 Application to a 3-component reaction-diffusion PDEs

In this section, we present all quantities and estimates to construct explicitly the radii polynomi-
als required to apply the theory of the general method of Section 2 to the problem of computing
rigorously global smooth branches of steady states of the system of three reaction-diffusion PDEs
given by (1). The first step is to consider a Galerkin projection of f given in (3).

13



3.1 Finite dimensional projection

Given a finite dimensional parameter m, denote z[™ € R™ to be (zo,...,Tm—1) and ulm e R3™
to be (20, Y0, 20, - - - s Tm—1, Ym—1, #2m—1). The finite dimensional Galerkin projection of f is

_— R x R*™ — R
= {mm] S (gul) s (A (U . gl (o)),

where for n € {0,...,m — 1},

1 a1 a
fUt) = =) at Sy =S Y Tk~ g D Tkl
\n‘ﬁf\?m In‘ﬁlk<\7<nm
by 1 1
— Gt oy) X T T gy O Yk
[k|<m |k|<m
|n—k|<m |In—k|<m
1 ai ai
fg;} (U[m]) = ((r — - (d+ BN)(7n)*)yn — 5 > Yk Yk — 5 D TlakYp
N n <
by 1 1
- (5 - 257]\7) Y Ynk 7k T 9N D Tkl
|k|<m |k|<m
In—k|<m In—k|<m
a
fT[ZL} (U[m]> = (7«2—al(7m)2)zn—?2 Z 2|n—k|?|k|
|n‘ilk<\7<nm
bg b2
-5 D WM D Ynkw =0 17)
|kl<m [k|<m
In—k|<m [n—k|<m

3.2 Explicit construction of the contraction T

To define the Newton-like operator Ts given in (11), remember that we have to build an injective
linear operator J which approximates the inverse of DFj (Ug) (with Uy an approximate zero of
f given by a predictor-corrector step). Since

()"

PR wwy| b)) |
we take
Jm] 0
J=1| S Join : (18)

14



where JI™ is a numerical inverse of DF(gm] <U[m}) that is
. [m} T
(")

o )| pum (o) |

Jm

and J, (n > m) is a 3 x 3 matrix defined as

r1 — d(mn)? % 0
Jy = 0 m-lo@HAN) ) 0
0 0 rg — d(mn)?
rl—dl(wn)2 _e(rl—d(m)2)(n—l§—(d+6N)(7rn)2) 0
= 0 rl—é—(diﬁN)(ﬂnV 0 ' (19)
0 0 rdt?

Jy is the inverse of the linear part of f,,(d, ) = (fn,(d, ), fn,(d,-), fn.(d,-)). The idea behind this
choice is explained soon and its interest will appear concretely in Section 3.7.2. To prove that J
is really injective, we compute HI [l _ jm) DR, (UO)HOO using interval arithmetic and check that
its value is less than one, and then prove that the matrices .J,, (n > m) are invertible (we only
need to check using interval arithmetic that for all n > m, ry —d(7n)? # 0 and 75 — d(7n)? # 0,
since rp — % — (d+ BN)(mn)? < 0 with the values of the parameters we are considering).

3.3 Verifying that T (€2,) C Q, and bootstrap argument

Remark that because of the (7n)? terms, f goes from the space (2, to the space {u | ull,—a < oo}.
Indeed, since €2, is a Banach algebra (see Section 3.5), the non linear terms in f do not affect
the decay rate of f(U). However, thanks to the choice of J,,, J defined by (18) goes from Q,_o
to 4 so that T (Q4) C ;. Remark that if ¢ € (1,2), we cannot directly conclude that the
solution U € Qg of f = 0 is a strong solution of (1). However, since f(U) = 0, then (3) becomes

d(mn)?x, = riz, + “Yn al[xQ]n —ay[z *ylp, — (b1 + 8%)[302]” — giN[y * 2],
(@4 BN) (e = (71 = )t — gl — anfo g = by = )l # 21+l 2

d(mn)?2n, = o2y — a]2?]n — balx * 2] — bay * 2],

where each right-hand-side is in €2, (here again we use the fact that (£, *) is a Banach algebra).
One can then easily see by dividing on both sides by (7n)? that U is in fact in Q442. We can
repeat this bootstrap argument to prove that any zero U of f lying in some , (¢ > 1) is in
fact in every g, for go > 1 and hence corresponds to C™ steady states of (1). Furthermore,
the estimates of Section 3.5 can be used to get explicit bounds for derivatives of any order for
those solution functions, even if we did the proof with a ¢ € (1,2).

We are almost ready to compute explicitly the bounds Y and Z and the radii polynomials.
But to do so, we need to compute D?F; and to bound the convolution product that appear in
it. That is what we do in the next two sections.
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3.4 Computation of DF, and D?F,

In this section, we use the notation

UO = (daf()agOvZOv'” 7fn7yn7§n7"‘)7

V = (dux()vyOaZOa"-7xn7yn7zn7"')7
! / / / / / / /

V = (d7x07y07Z07'"7xn7ynvzn7"')'

Recall the definition of Fs in (10). First,

and

[DET0)(V)],=Us -V,

[D*ET0)(V)(V)], =0.

With the expression of f,, in mind (3), we set

and

(r1 — d(ﬂ'n>2)xn + %yn
Ln(U) = [ ((r1 = L = (d+ BN)(mn)?)yn

(ry — d(mn)?)2p

1 1

—a1[2?]y — arlz x yln — (b + p)le 2] — gy * 2ln

1 1

QnU) = _al[yQ]n —ay[z * yln — (b1 — ETV)[ZJ * 2]p + e—N[x * 2ln

—az[2’]n — ba[z * 2]n — bofy * 2]

so that f, = L, + Q,. Then we have
[DFS (Uo)(v)}n = D fn(Uo)(V) = DaLn(Uo)(d) + Dy Ln(Up)(v) + DQn(Uo)(V)

and

[IDET)(V)(V))] = D*fuT0)(V)(V')
= D2La(U0)(d)(v) + D3, La(To)(v)(d) + D*Qu(To)(V)(V").

Also, D2Q,,(Ug)(V) (V') = DQ,(V)(V') because DQ, is linear (Q,, is quadratic). More explic-
itly, all terms in (20) and (21) can be recovered from the fact that

DQn(V)(V') =

—2a1[x % @], — a1y * 2], — (b + ) x 2]y —arz x Y] — (2 %Y ]n — bifz x 2], —

n

DyL,(Uo)(d) = —(7n)*t,d,

(r1 — d(mn)?)x, + %yn
DyLn(Uo)(v) = | ((r1 — L — (d+ BN)(7n)?)yn | »

(rog — d(mn)?)z,

1

€

N

([x % 2]n

—a1ly * 2], + E%[Z # 2] = 2a1[y * Y ]n — ar[z x Y + (aiN = b)[zxy]n —baly * 20 + ELN([x * 2|

and

—baz * ']y, — bz * Y| — 2a2[z * 2], — ba([x % 2|0 + [y * 2]0)

D2y Ln(TUo)(d)(v') = — (n)* du,,
D2, L,(Uo)(v)(d') = — (7n)* d'v,.

16
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3.5 Analytic estimates

In order to bound all terms in (20) and (21), in particular quantities like [z * y],, for n € N,
we have to develop some analytic estimates. Similar estimates have been produced for the case
q > 2 (e.g. [15]), but not for the case ¢ € (1,2). From these estimates, we get that (€24, *) is a
Banach algebra for each ¢ > 1. First notice that, for all z,y € Qq,

1 1
ol = 508 3 iy < 5 3 groi— ol Il
kez kez k -
Thus, what we need to show is that
wq
v =N
q 4
" % WEWn—k
is bounded for n € N. We start by rewriting Wa. If n = 0,
—1 00 o]
wd wi wd n4
et/ RN 14 =142 :
DB I SR NP St o SRR Sy cTCRa
and if n > 0,
-1 n—1 00
wi wi wi wi
—— = —r— 1Y 1 ——
D3 2 AP DI o SR SPr S SRR DR 3
S S )
= 242 —— g 22
= k9 (n+ k) = k4 (n — k)

In everything that follows, K is a computational parameter (the larger K is, the sharper the
estimates will, but the greater the computational cost for the evaluation of the estimates will be)
and M is another computational parameter (which is taken equal to 2m — 1, see Section 3.6).
First we define, for n > 2

( a alg=1) qlg=1) 2-(2/3)7 2-(2/3) 1
Xn(Q)—<2_q+2(3_q)+ > [7] + ] i1 )[ZJH?

and ¢*(M) the unique zero of x s in (1,2). Note that xjs is increasing on (1,2), goes to —oo as
q goes to 1 and to oo as g goes to 2, so ¢*(M) is well defined. Then we define

(23)

K o1 2
=1
def K oq 2
MrK) = {23 =+ e T2, (M) <q<2

_ -1
=kt (g—1)K¢

M \? (4ln(M-2) =*-6\/2 1\
2 — 4= fqg>2
<M—1)+( M T3 (M+2) o RI=s

and finally

K 2

1+2 —+ , ifn=0
kZ::lkq (g —1)Ka1

q def K 1 2 iy n4 .

k=1 k=
- 2 (@

242 — y fn>M

+k§1kq+( 1)K‘11+’Y ifn



Proposition 1. Let ¢ > 1, K and M > 6 computational parameters. For all n € N,
Ui < al(K).
This allows us to state the following result.
Lemma 3. Let z,y € Qq4, ¢ > 1, K and M > 6 computational parameters. For alln > M,

1a? (K)
< 1%

2l 1yl -

This bound, in addition of being very useful later in this paper, proves that (€, *) is a
Banach algebra for g > 1.

Proof. (of Proposition 1) The bound for ¢ > 2 is due to [15]. We prove the bound for ¢ < 2.
The case n < M is a direct consequence of the following inequality applied to (22)

SRR IS o W
=kt (n+ k) — ke T ke (g - DR
For the case n > M, let us consider the difference
<1
q def _ —
Al = Pl <2+4qu>.
k=1
Using (22) and the inequality below
n—1 nd I_%J nd n—1 nd
2 M-k A En k) 2 ka(n — k)a
k=1 k=1 k=|2]+1
DL R R
— + we set [ =n —
i ki(n — k)4 = l(n-1)1
2 n "
= 22 (k) ("_{J_K{J)’
= ki(n —k) 2 2
we get that
A i 1 ( n ) L2 1 n i 1
¢ < 2 — —1)+ Y = ( - 1) - —
q q q — k)4 q
= kT \(n+k) = k1 \(n—k) r=(a]+1 k
] o0
1 n? 2\1? 1
< 2 —(————1)—(2-(2 —1. 2
- k_lkq<<n—k>q )-(-(5)) X~ @ (25)
- e
The first term of (25) can be bounded from above as follows
5] 5]
i(mrm ) - mwlleas) )
1) = Y (14— ] —1
fet ka4 \ (n — k)4 P kd (n — k)
) %1iq<q—1> (g—1+1) K
P i (n —k)!
[5] 2
1 ko qlg—1) K )
< e + (26)
= ke ( (n—k) 2 (n—k)?



The last inequality is due to the fact that for all u € (0,1), the series expansion

g q(g—1)...(¢g—k+1)
(1+u) _1+I;qq k!q u®

is an alternating series for k > 2 (recall that ¢ € (1,2)). According to (26), we have to bound
5] 5] 2
q glg—=1) K ,
= and . First,
= ki (n—k) kgl 2k1 (n — k)2
< <1+/LgJ g L {nrq_l < 1 VLJZQ
= ket 1 tal o 2—q\ |2 —2—-¢q|2 ’
and then,
I T R
R n— k) = 2] 2« ha 1 =3 _g a1
k=1 (n - ) LEJ k=1 —4a ij
Similarly
L%J z 2—q 3—q 2—q 3—q
R (Cp HEIB
and then
Hyg-1 » _ala—1) L] g < Ala=1) < 1 +1>
- n |2 - n |q—1 _ n ’
o 2k (=R 23] o 2[5 \3-a 13
According to (26), (27) and (28), we get
5]
1 g -1 -1 1
Zq( n q_1>§<q(q ) aa=b)  a ) 1
= k1 \(n—k) 2(3—9q) 2|5 2-q) |2
Then we bound the second term of (25) from below
> 1 =1 1 /OO dt 1 1 1 1
D e I -
n - n n |4 _ n1q—1 n |49
Ay N T T £

Using (25), (29) and (30) , we get

g q(¢—1) ql¢—1) ¢ 1 1
An§2<2(3_q)+ 23] Taog T [E e b

Now, if ¢ < ¢*(M) then xas(q) < 0 and hence for all n > M, x,(q) < 0. Thus

—_
—_
—_

[E—

4

00 1 K 1
Ul <244 — <2414 —t

If ¢ > ¢*(M) then xas(q) > 0 and we have two cases. The first case is that x,(¢q) decreases until
becoming negative for some ny > M which implies that x,(q) < 0 for all n > ng. The second
case is that x,(q) stays positive for all n > M which implies that x,(q) is decreasing for all

n > M. In both cases we get that x,(¢) < xa(q) for all n > M and thus

> 1 K1
‘I’%§2+4ZE+2XM(Q)§2+4ZE+ + 2xu(q).
k=1

_ -1
= (¢ —1)K1
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Notice that since lim Xn(q) =0, (31) shows that limsup A? < 0. We could do the same kind

of computation to bound AY from below and show that in fact lirrln A% = 0. So the bound for

g < ¢*(M) is optimal, the only thing that can be improved is the way we approximate T
k=1

(which depends of K). But this also shows that the bound for ¢*(M) < ¢ < 2 may not be
optimal, in fact it becomes quite bad when ¢ is close to 2 since liné xm(q) = oo. However,
q—

if sharp estimates are needed for ¢ close to 2, there is a numerical way to get almost optimal
bounds which is detailed it in Appendix A.1. We now give other bounds that are sharper for
n < M by using computations. Let us define

1 1
q def § :
Cn(K) - wq wq )
ni+ng=n = "1 N2
[n1l,In2| <K

and

def 2 1 1
) iy (e~ )

Lemma 4 (Sharper estimates). Let z,y € Qq, ¢ > 1, K and M computational parameters,
M < K. foralln <M

[+ yl,| < % (Ca(K) + e (K) [z, 1yl »

Proof.

1 1 1
[z ylal < 5 ( > wqw) Iz, 1y, -

q
nitng=n "1 N2

We can split the summation in two parts :

1 1 1 1 1 1

Z ol d T Z o + Z ol T

ni4ng=n N1 FN2 ni+ns=n ny ¥n2 ni+ns=n ny #n2
[nal,lna| <K max(|n1|,|n2|)>K

The first one is exactly CZ(K). We now bound the second one :

1 1 1 1
S <2y b
ni+no=n ni =2 nytng=n N1 *n2
max(|n,|n2)> K [n1|>K
00
1 1 1
<2 glogto;
w W w
nm=K ~ ™ n—ni n+ng

2 ( Lo, 1 )
(=DK1t (K —n)?  (K+n)1/)
O

Remark 1. ¢*(M), the unique zero of xar in (1,2) defined in (23), is increasing in M and
converges rather rapidly towards a bounded value. In particular, for M > 100 (which is al-
ways the case for the proofs presented in this work), one has that ¢*(M) > ¢*(100) = 1.4730.
Numerically, the limit when M goes to oo is about 1.475.

20



3.6 Computation of Y,

According to (12), we focus here on

Ts (Us) - Us

- Jom (1)

< |Jl

Remember that absolute values and inequalities applied to vectors or matrices should be under-

stood component wise. Observe that Fs(U,) = 0 so that

_ 0
F (Us> = __
(o)
Because of the shape of J in (18), we compute separately the bounds for n < m and n > m.

3.6.1 Casen <m

Following the notation introduced earlier, Y™ is the vector containing Y, and Y;, for any n < m.
We want to bound the quantity

0

(o)

With the expression U, = Uy + sAU and a Taylor expansion, we get that

o
f

flm] (U[;nl) — fbm] (U[Oml) + 5D flm] (U[Om]) ( AU[m]) N s; D2 flm (U([)m}> (AUM)Z,

which can be bounded, for s € [0, 1], by

o [ i (T 45 Dt (T (AT + 322

D2 fm] (U({)m}> ( AU{m})Q‘ .

We see in Section 3.8 that we can get a uniform bound in s by taking s = 1 in the expres-
sion above. This uniform bound is simple to get but not the sharpest. We actually show

in Appendix A.2 how to compute a sharper bound. The vectors D f™ (Ugn]) (Aﬁ[m]) and

— —imI\ 2
D2 flml (U ([]m]> (AU [m]) are computed with the expressions (20) and (21) by truncating the
convolution products as in (17). This is a finite computation. We can set

ylm] def

0
7 Flml

3.6.2 Casen >m

For n > m,

HTS(US) —USM = ‘Jnfn(US)

In (fn(Uo) +sD [, (Uo)(AU) + 822D2fn(Uo)(AU)2>

We can then set

Yy % || (‘fn(Uo)‘ + 5 [D1T0)(AT)| + 5 \Dan(Uo)(AUP)) :
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— — — _\2
The terms D f, (Uo) (AU) and D?f, (Uo) (AU) are computed with the expressions (20) and
(21). We can compute Y;, in a finite number of operations, because for any n > m, [Ug} =0

and {AU} = 0. In particular, for any n > 2m — 1, f,(Us) = 0 and we can take Y;, = 0, so only
n
a finite number of Y,, remains to be computed. Hence, setting M = 2m — 1, we have that for

A q
all n > M, Y, = 0. In the next section, we see that for all n > M, we can set Z,, = ZM%.
In fact, the value of M is determined by the degree of the non linearities of f. Here we have
quadratic terms like

m—1
Z*yl,= Y. T, =0forn>M=2m-—1,
k=n—m+1

and with non linearities of degree p, we would have the same by taking M = p(m — 1) + 1.

3.7 Computation of Z,
For V,V' € B(0,r) and s € [0, 1], using a Taylor expansion, we get
DT,(U,+V)(V') = (I-JDF,To+sAU +V)) (V')
= (1-J(DE(To) + D*Fy(U0)(sAT + V) ) (V). (32)
As for Y, we compute separately the bounds for n < m and n > m.

3.71 Casen <m
For all V' € B(0,r), the shape of J in (18) allows us to write

KI—JDFS(UO)) (V’)}[m} — yml _ [JDFS(UO)(V’)}M
— y'lml _ glm] [DFS(UO)(V/)} [m]
= vl — gl (DFP @) (V) + RI(T, 1))
= ([[m] — JmpFgm (U%"%) (V/[m]) — J™ RIM(Ty, V')
AT
— | [lml _ jim] DF(g ](U([) ])+s ( 0) (V/[ ])
—Jm Rlm(T, V7, (33)
where
m| 75 Oansf OanS— Oansi
R0, V) = 30 520+ 3 52 @i + 3~ 52 T0)% =0,
k=m k=m k=m
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and for all n € {0,...,m — 1},

o o0 8 - s o0 8 - e o a - -
R@v) = Y L@+ 3 S @+ 3 S w4

k k=m CJk k
m+n—1 a1 m+n—1 1 1 m+n—1
= —a Z Thnlp — — UpnZp — =(b1 + —) Z Zk—nT},
2 2 N
k=m k=m k=
m+n—1 m+n—1
-5 Z Tk—nY ! Z Zk—nYk
2 2e N
k=m =
1 m+n 1 1 m+n71

Similarly,

L m+4n—1 m+n 1 1 m+4n—1
RQZ}(UO,V,) = —a Yk— nyk** Z ThnYp — 2 1*7 Z Zh—nY
k=m
m+n—1 1 m+n—1

E Uk-nTh + 5 E Zh—nT},
2eN
k=m k=m

a

1 m+n—1 1 m+4n—1
(bliei Z Y- nzk+2N Z Th— nzka

and
- b2 m-+n—1 m+n 1
RIM(To, V') = -3 ZhnTl — o Z Zh—n},

m—+n—1 m+n 1 m+n 1

— a2 Z zk—n'z]/g Z Th— nzk Z Yk—n?
k=m

R (T, V') can be bounded uniformly for V’ € B(0,r) by RI"™(TUp)r where

k=m

B L . 1m+n71 1
RO 5 (o b+ )Tl + (a4 )Tl + G+ )kl ) S
k=m Wi
Aol oy e LTS 1 1
ny (Uo) = 5 > (a1 + —7)[T%- n’+(3a1+b1+7)’yk n’+(b1+7)’zk al | o
k=m Wi

5[m] ger 1 minct _ _ _ 1

Ry (Uo) = 3 > (b2fThon| + b2lTg_p| + (2b2 + 202)|Zk—n]) "

k=m k

Notice that R (T) can be computed in a finite number of operations. According to (32) and
(33), we have that for all V.V’ € B(0,r),

< ‘([[m] _ J(M)Dpém} (U[[)m])) (V/[m])‘ +s|JMm (AU) y/ml

|DTL(T, +V)(V')
0

+ IR, V)

+ [T [ D2E,(To) (V) (V') + D*Ey(Uo)(sAU) (V)]
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Using expression (21) and Lemma 4, we get that for all V, V' € B(0,7) and n < 2m — 1,

Al 2,.2 1
[PPR@00)0)] | < J €t +amn | a2+ 220 1] e
A2 1

4
with A\1 = 4a71 + 2b1 + N and Ay = 4by + 2a9. Let us set
€

A1
DQYE) £ 1 (CAK) + () | Ay
A2

For HD2F s(Uo)(sAU) (V! )} we know explicitly AU which allows us to compute sharper
bounds. Still using (21), we get that for all V' € B(0,r), s € [0,1] and n < 2m — 1,

[01(AT) * wi], (1
HDQFS(UO)(SAU)(V’)M < s | [02(AT)  wd], | 7+ s(mn)? ’jg’ 1| r+ HAZ]”T , (35)
[03(A7) * w],, 1
where

def 1 1
01(u) = (3a1 +b1 + ng)m + (a1 + aW)’y‘ + (b1 + EN)‘Z‘,

def 1 1 2
Or(u) = (a1 + —{:_N)|3:| + (3a1 + b1 + T_N)Iyl + (b1 + —EN)|Z|,
def

O3(u) = ba|z| + b2|y| + (2a2 + 2b2)|2|

qdef 1 1
w* = gty gt .
N Wn,

and

Let us also set

Observe that since Au has only a finite number of non-zero coefficients, ©% (Aw) can be computed
in a finite number of operations.

Using all the bounds obtained in this section and the definition of Z in (13), we can define
Z4 and the m first Z,, by

AT
— AU T
zm — ’][m] —J[m]DFém}(Ugm})‘ (WM 4 5| g ( ) wHmly 4 | g Rlm (@)
0
+ ) ((ﬁéq)[m] (K)r? + i W™ 2 4 s @0 (Am)r + s|AT (W™ 1 4 ZA[m](Au)r> ,
where
T
(WQ)[W] — l i i i 1 1 1
SO VA A A A A A
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(Wq)[m} (o 7202 720% 7202 m2(m — 1) 72(m —1)% 7%(m —1)2 g
R N R A A ’
0 0 0
A [m DQy(K Od(u 0)%|u
(DQq>[ k) = Q?( ) , (O™ (u) = 0.( | and Al () = r )" o
D@y (K) -1 () (m(m = 1))t

3.72 Casem<n< M

Let m <n < 2m — 1. According to (20) we have that
[DE(U0)(V')] = DaLn(Uo)(d") +DuLn(Uo)(v)) + DQu(To)(V')
n D Y ————
=0

and by definition of .J,, in (19), J, (DuLn(Uo)(v)) = vy, simplifying (32) into

[DT(U, + V)(V’)LL = [(1-7(DF(0)) (V’)}n — [JD2E,(Uo)(sAT + V)(V")]
=~ DQuTo)(V) = |J (D*F(U0)(sAT + V, V)]

n

n
Now using (21) we get that

[DT(T, + V)(V")]

n

=—J, (DQn(UO + sAU + V)(V') — (zn)? ((SAd +d)v), + d'(s%—kvn))) .

=0

Using the same bounds as for (34) and (35) we can set

1
o 2 . 2 2
Zo = | 7| | 02 (@) + 502 (Aw)r + DO (K)r? + T (s]Ad!r + ;) 1
Wn
1

3.73 Casen>m
We still have
[DTL(T,+V)(V)| = =T (DQu(To + sAT + V)(V') = (wn)* ((sAd + d)), + d'v, ) )

but here we bound the convolution products in D@, using Lemma 3 to get, for all n > M,

A1
— 1ad,(K) (7n)? . 2r?
/ Lo, — — 2 <r
DT+ )] | <1l | 5 % (Ifall,r + s Al r+r2) [ o | + i G
Ao 1
Then we set
M ) N
, 10%,(K) ¢, o, (M) o
Zu = uil | 5= (Ifall,r + s Al r+72) | o | + s Gl RN B
Ao 1
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and since the terms of |.J,,| and (wn)?|J,| are decreasing for n > max (1 I /%) (= 11 with

the values of the parameter taken here, m is always taken such that 2m — 1 > 11), we can set,

for all n > M,

wq

Zy = Iy (36)
’Vl

Notice that (36) is what allows us to check the hypotheses of Theorem 3 with finite compu-
tations so it is really crucial for the proof, and we are able to do this thanks to the fact that
the terms of |J,,| are decreasing, which happens because the magnitude of the eigenvalues of the
linear part of f are growing in (7n)2. In fact, we would have (36) for every system whose equa-
tions can be written as the sum of a linear operator with eigenvalues of increasing magnitude

and a non linear polynomial term (in particular for reaction-diffusion systems).

3.8 Explicit computation of the radii polynomials

Now according to Section 2.2.2 and using the bounds Y and Z we got in the two previous
sections, we define the radii polynomials. Notice that Y does not depend on r and that Z has
linear and quadratic terms in 7, so the radii polynomials are all of degree two.

3.8.1 Casen <m

Let us set - 5
il gy — | 7lm] ( po )™ 2 e [m])
a S )
() = I ((DQ)™ (K + = ()
AN\T
. o AU
bil(s) = |1t — gl DR @ | (w0 RN @) s | g (20) ()
0
+ sl (0017 (A + A (W)™ + A aw) ) - (W) (37)
and
dml(s) = yliml(s).
Then we define
Pa(r,s) = al(s)r® + 0" (s)r + ()
and for all n < m,
Py(r, ) = ali™ (s)r® + bl (s)r + el (s).
382 Casem<n<M
For m <n < 2m — 1, define
L[
— 2
anls) = 1 ul | DQL(E) + 270 Ly | (39)
Pn
1
1 1
_ 1
bu(s) = | Tl (OF (@) + 507 (AT) + | s(mn)*|Ad| [l | 1| = | 1] | 7 (39)
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and

Then for each m <n < M, we define
Po(r,8) = an(8)r? 4 bu(s)r + cn(s).

3.8.3 Casen=M

We have Yy = 0 (from the choice of M = 2m —1 as explained in Section 3.6) so c¢pr = 0. Setting

C1 ) 1
1t 2(m M)
ar(s) = Jul | s et | +
| 2wl [T pwl,
(&) 1
and
C1 1 1
1 _ _ - 1
bar(s) = | gy (Il + s 18al,) [l | ey | + s AT [l [ 1| = | 1] | o (40)
M
()] 1 1

we can define

bM(s)) .

Par(r,3) = anr(ar? + bag(5)r = ans(s)r (r+ 208

3.8.4 Procedure to find (if possible) » > 0 satisfying (14)

To verify hypothesis (14) of Theorem 3, we use Lemma 2. More explicitly we look for » > 0 such
that, for all s € [0,1], Py(r,s) < 0 and P,(r,s) < 0 for all n < M. Notice that the coefficients
of the radii polynomials are increasing with s so that it is equivalent to find r > 0 such that

Py(r,1) <0 and P,(r,1) <0, foralln <M. (41)
To find such r, we set
I; E {r>0|Py(r,1) <0} and I, < {r>0]| Py(r,1) <0}, forall n <M. (42)

Then we determine numerically an approximation of

Id:EfIdﬂ<f'/[]In>. (43)
n=0

If I # 0, we choose r € I, and check (41) rigorously, by computing the coefficients of the radii
polynomials with s = 1 using interval arithmetic. We see in Section 4.1 why it is reasonable to
hope that such r exists, provided the parameters Ag, m and ¢ are chosen carefully.

4 Optimization of the parameters

4.1 Optimal choice of the parameters m and A,

Recall that the parameter m controls the dimension (which equals 3m) of the finite dimensional
Galerkin projection given by (17), and from (8), the parameter Ay is used to define a predictor
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Uo =Upy+ ASUO whose value serves as an initial point for Newton’s method to get a corrector
Uj. The value of A, represents roughly the arc length of curve we are covering in one predictor-
corrector step, hence the name pseudo-arclength continuation. Since AU = U, — Uy, if A, is
not so large, then its value should be close to the length ||AU|| of the segment [U, U1]. Hence,
studying Ay is roughly the same as studying the length of AU.

The optimal strategy aims at maximizing the pseudo-arclength parameter A to prove exis-
tence of long pieces of solution curve in one predictor-corrector step (as explained in Section 2.1)
while taking m as small as possible in order to minimize the computational cost. However, the
fact that we are looking for an r verifying the hypotheses of Theorem 3 (which is equivalent to
find r > 0 for which every radii polynomial is negative) leads to some constraints.

Let us now remark that for a quadratic polynomial of the form P(r) = ar? +br+c, if a > 0,
b < 0 and ¢ > 0 is small enough (precisely ¢ < %), then there is an interval [rymin, Tmaz] C (0, 00)
such that for all 7 € [rmin, "maz), P(r) < 0. Based on this fact, let us study in details the
coefficients of each radii polynomial to see how to choose m and Ay optimally. Since we showed
in Section 3.8 that we could bound the polynomials letting s = 1, we always set from now s = 1.

4.1.1 Casen <m

Recall the definition of the coefficients al™, bl™ and ¢l™ of the radii polynomials for the case
n < m. First notice that each component of al™ and ¢/™ is positive. In the definition of b™,
the first two terms are very small (the first by definition of J, and the second provided m is
not too small, which will always be the case), and the next two can be made as small as needed
(and so bIml will be negative) by taking A small enough. ¢ can also be made very small by
taking A small (see Section 3.6.1). Hence we can expect each set I,, (for n < m) defined in
Section 3.8 to be non empty if Ay is small enough (the same is true for I).

4.1.2 Casem<n< M

Recall the definition in Section 3.8.2 of the coefficients a,, b, and ¢, of the radii polynomial
P, (r) for the case m < n < M. According to the previous section, As should not be too large
and hence here again ¢,, should be small. Also, the predominant term of b, in (39) is |J,,| ©% (%)
which decreases to 0 as n grows, so taking m large enough should allow us to have b,, negative
for n > m and thus, recalling (42), we can expect that I,, # 0 (for m <n < M).

4.1.3 Casen =M

The situation in the case n = M = 2m — 1 is the same as above except that the expression of
bys in (40) is different, with m large enough we can expect Ip; to be non empty.

4.1.4 Algorithm to choose A; and m optimally

Let us now present an algorithm to chose A and m optimally. Given Uy, Up, A, and m,
1. Compute Uy, U; and I given by (43);
2. If for some n < m I,, = (), take A4 smaller and go back to Step 1;
3. If for some m <n < M I, = (), take m larger and go back to Step 1;
4. If I = (), take A, smaller and go back to Step 1;

5. Start a new predictor-corrector step from U; and U; with A, larger and m smaller.
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The fact that we try to increase Ag and decrease m after each successful step is not optimal.
We indeed observed numerically that the process often failed. In fact we noticed that the value
of max I has to reach some threshold before Ag could be increased successfully. Similarly d has
to reach some other threshold before m could be decreased successfully. In practice we only try
to increase A, or decrease m if those thresholds are reached.

Note that we want to change the value of m along the process while conserving the smooth-
ness property of the global curve. The important fact is to have exactly the same function Fj
given by (10) at the end of one piece of curve and at the start of the next, that is FI(O) = Fél)
with the notations of Section 2.3, and this even when we change the value of m between the

two. Let us denote m(® (resp. m() the value of m for the first curve (resp. the second).

In Fs, only E; changes with m. Hence, we only need to check that E%O) = E(()l). Remember
that Ug and U, are constructed from finite dimensional vectors and completed with zeros. In

tact, BO©) = (0T -7 o a5 @) = (00T o
)]

we increase m, that is m™® > m©_ the last m™) — m(© frequencies of Ul (that is [Ul} ,
n

) is equal to Eél). Decreasing m, that is

)

m® < mO), requires a bit of care since the last frequencies of Ul are not necessarily zero.

m®)

Hence we have to make an intermediate step. Let us denote Uo the last point we have and
- [m(®] . . . .
Us a tangent vector at this point. From there, we make a new predictor-corrector step with
__[m/(0) . (0)
m equal to m® get a point U gm ] and then compute Ul[m ] Before doing the proof of this
—_[m(0) . [m©)
portion of curve, we set the m(®) —m() frequencies of U Em ] and Ul[m ) to zero. Then we are

able to decrease m at the next step while having exactly the same F; at the connecting point.

forn € {m® +1,... ,m(l)}) are zeros and hence Eio

4.2 Optimal choice of the decay rate parameter q

In light of Lemma 1, computing steady state of (1) with Neumann boundary conditions is
equivalent to find U € Qg such that f(U) = 0, and that for any fixed ¢ > 1. Hence, it seems
legitimate to investigate which decay rate ¢ is optimal. The weight wd defined in (4) depends
on ¢ and it influences the value of the norm ||-[, and the theoretical bounds of Lemma 3. Since
the value of ¢ has a major impact on the radii polynomials, it influences strongly the values
of the parameters Az and m used for the proof, and therefore it influences the computational
time required to perform the proofs. As one can see in Table 2, depending on the value of ¢,
the computational costs required to prove the red branches of Figure 10(a) and Figure 10(c)
can change drastically. In Figure 7, one can see how ¢ influences the values of A; and m while
performing the algorithm of Section 4.1.4 along the first bifurcation branch presented in red
in Figure 10(a), and along the first part of the second bifurcation branch presented in red in
Figure 10(c). What we see with these comparisons is that, on the red branch of Figure 10(a),
taking q smaller allows using a greater Ag but at the expense of a greater m. Hence, a better
compromise seems to be somewhere between ¢ = 1.5 and ¢ = 2. But it seems that when d
becomes small, it could also be better to take ¢ smaller in order to use a smaller m (see the
case ¢ = 3 on Figure 7(d)). Let us see how this evolves when d becomes even smaller. Note
that we were able to get the rigorous data (for different values of ¢) of Table 2 and of Figure 7
because the rigorous computations of the concerned branches did not take too long. However
for some other curves, the proof takes much longer, mainly because d gets smaller and hence m
must be taken larger for the coefficients bys of the last radii polynomial (40) to be negative. On
the other hand, it only takes one point along the branch to determine, given ¢, which value of
m should be taken in order to make by; negative. Also, the cost of the proof decreases linearly
with A; but increases quadratically with m, so it seems fair to chose ¢ according to m only
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¢ | Red branch of Figure 10(a) | Red branch of Figure 10(c)
1.2 515 528
1.5 321 393
2 276 408
3 460 2256

Table 2: Computational cost (in seconds), as a function of the decay rate parameter g, required to
compute the radii polynomials and find an r > 0 at which they are all simultaneously negative. These
computations were done without interval arithmetic.

and independently of A for those branches where m has to be taken large. In Figure 8(a), we
present some non rigorous results concerning the second part of the second branch. Although
non rigorous, these results helps understanding the role played by ¢ for the computational cost of
the method. We can see in Figure 8(c) that as the diffusion parameter d decreases, the optimal
decay rate ¢ becomes smaller as well. That can be explained by the fact that the coefficient
bys of the last radii polynomial is non negative if M = 2m — 1 is taken too small. A necessary
condition for by; to be negative is roughly the following

q
m < some constant,
which shows why M has to be taken larger when d becomes smaller. But to understand the
impact of g, we have to detail how the values of o, and ||ul| 4 evolve with ¢. For this let us recall
the definitions of [|-||, in (5) and of af, in (24) and let us look at the shape of the solution w.
For instance, we see on Figure 9(b) that on the first branch the solutions are almost sinusoids
of period 2 and hence [ul|, ~ max (Juo|y, wg, [u1]o wi) = max (Juoly, , [u1],,). Hence, taking ¢
smaller does not decrease the value of ||-[|,, but it increases slightly aj,, and then finally leads to
a greater m. However, when d becomes smaller, the high frequencies in the solutions are more
and more important. Thus ||ul|, involves |un|,, wi for some n > 1 and hence taking ¢ smaller

decreases significantly the value of [|-[|, and therefore the value of a4 |lull o/ dn?. This allows
e
|ull, decreases when ¢ gets close to 1, which explains why the optimal value of ¢ seems not to
go below 1.3. One can see in Figure 8(c) that when d is really small, the value of m is far much
smaller with ¢ = 1.2 than with ¢ = 2. This is a significant improvement, especially in terms of
the computational cost which evolves in m3. Actually, we did some computation, and the cost
of the proof to do part of a branch for small d is about 10 times faster with ¢ = 1.3 than with
q = 2. This brings us to the conclusion that the new estimates introduced in Section 3.5 for
g < 2 can be quite useful. Actually, they allowed proving parts of some branches in Figure 8(a)
which we would not have been able to do with ¢ = 2.

taking a smaller m, provided that g is not too small. Indeed, o, ~ increases more than
q—

5 Proofs of two main results of Section 1

5.1 Proof of Theorem 1

Recall (7) and fix p = 10. Set K = 10* in the bounds of Lemma 3 and set K = 3M in those
of Lemma 4. Set the multiplicative coefficient used to change A equal to % and the one used
to change m equal to 1.02. That means that in the algorithm of Section 4.1.4, taking A, larger
means setting Ag = %AS, taking Ag smaller means setting A; = %AS, taking m larger means
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(b) Values of m along the first branch. (d) Values of m along the second branch

Figure 7: Influence of the decay rate parameter ¢ on the parameters A; and m, accordingly to the
Algorithm of Section 4.1.4. On the left: results for the branch in red of Figure 10(a). On the right:
results for the branch in red of Figure 10(c). Green corresponds to ¢ = 1.2, cyan corresponds to g = 1.5,
blue corresponds to ¢ = 2 and magenta corresponds to ¢ = 3.

setting m = [1.02m | and taking m smaller means setting m = |m/1.02|. We proved that in a
small tube (whose size is given by r) of each portion of curve represented in Figure 1 between
two bifurcation points, there exists a unique smooth curve representing exactly one steady states
of (1). Note that the method cannot prove that those curves really reach the bifurcation points,
but we can virtually go as close as we want to those bifurcation points, the only limit being the
computational cost. On the other hand, applying the result of Corollary 2, we can conclude that
along the rigorously computed smooth branches, there are no secondary bifurcation of steady
states. In Table 2, Figure 7 and Figure 9, one has some example of the parameters used, the
running time required to compute the branches and some spatial representations of solutions on
different branches. O

5.2 Proof of Corollary 1

Consider one portion of branch we have proven. We have the existence of a smooth function
U (defined on [0,1]) parametrising our portion of curve, and we know that it lies in a tube of
radius r around our numerical solution. So we know the initial point and the final point with

a precision of r in ||-||,. In particular, if d;p (respectively dy) is the numerical value of d from
which the branch starts (respectively at which the branch finishes) then there exists a dip in

din, — K,Em + T} and a d; in {df - C,Ef + T] such that Uy(0) = dj, and Ug(1) = dy. Thus, if
p P P p
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Figure 8: (a) A more complete (non rigorous) bifurcation diagram of steady states of (1). (b) Values
of m along the branch for different q. Green corresponds to ¢ = 1.2, cyan corresponds to ¢ = 1.5, blue

corresponds to ¢ = 2 and magenta corresponds to ¢ = 3. (c) Best values of ¢ to use along the branch as
a function of d in order to get m as small as possible.

the branch we are considering is such that
- r

din = > 0006 and d+ % < 0.006,

or reversely
din + = < 0.006 and df — - > 0.006
p p

then the intermediate value theorem yields the existence of an s in (0, 1) such that Uy(s) = 0.006.
Notice that if d = 0.006 is too close to d;, or 3f for those hypothesis to be satisfied, you just
have to consider several consecutive portions of curve rather than a single one. On the diagram
we proved, there are eleven such portions (see Figure 2). To complete our proof, we need to
check that each solution is different from one another, and we are able to do this because the
radius r we get in our proofs are small enough. Remember that what we are representing on
our bifurcation diagram is the value of z at 0 and that

~ %)
~(0):’220+nzlzn
Besides we know that HU(S) —Us . < T80
‘ (0)—<Z°+m_1z> S
2 =™ 2 “nd
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(b) Solution 1 (d) Solution 3
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(c) Solution 2 (e) Solution 4
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(a) The chosen steady states
Figure 9: Spatial representation of some steady states of Theorem 1 with x blue, y green and z red.
z m—1
In fact, the quantity ?0 + Z Zn is the one we represented on the diagram, and so the error we

n=1

did by using this representation is bounded by
1 &1
def
N (2 +3 nq) |

With the value of ¢ we used and the r we got, those e, were always smaller than 10~% and hence
the error we made are in fact lying in thickness of the line on the diagram, so we are sure that
we have eleven different solutions. O

A  Appendix

A.1 Sharper estimates for ¢*(M) < g < 2

What we have already proven in the proof of Proposition 1 in (31) is that, for all ¢ € [¢*(M), 2)
andn > M

oo
1
W%§2+4ZE+X7Z(Q)’

k=1
201
and since we needed a uniform bound, we took 2 + 4 E P + xam(g). Since lim x,(q) = 0, we
n
k=1

would like to take m and hence M = 2m — 1 larger to improve the estimate, but the point of
getting a sharp estimate is to allow us to take m smaller, so this does not really make sense.
However, there is a way to rigorously compute a bound that is almost optimal, without increasing
m. Let € > 0, Ing, Yn > ng, xn(q) < € and since x,(q) is deceasing such ny can be computed
numerically and rigorously using interval arithmetic. Then we have that, for all n > M

Ko 4 Ko 2 = ol
W1 <max (2445 L A 242) ot T Y
n_max( + ;qur(qil)Kq,l +57MIS113§”0< + ;kq—"_(q*l)[{qfl +;kﬂ(n—k)q>>>

the max being computed rigorously using interval arithmetic. We can have a bound as sharp
as we want by taking e small, but at the expense of some computational cost which is in O(n3).

1
29 1\ -1
and hence ng = (q>q 1.
2—qe

1
Indeed, when ¢ goes to 2, x,(q) is equivalent to a —
2=a[y)
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Figure 10: Proofs of the branches in red with ¢ = 2. On the left: The radius of the tubes in which we
proved the existence of a unique portion of curve are between 2.1e™* and 4.7¢~%. On the right: The
radius of the tubes in which we proved the existence of a unique portion of curve are between 2.2e~* and
1.7e=8. For parts (b) and (d), the values of min(7) are in blue and the values of max(I) are in red along
the branch. In black the values of r used for the rigorous verification using interval arithmetic.

A.2 Sharper uniform bounds for s € [0,1] for YV

To prove that T is a uniform contraction, we have in Section 3.6 to bound uniformly in s terms
of the form g(s) S |as? + Bs + 7| for s in [0,1]. We did that the simplest way, using triangular
inequality to say that

lafs® +|8]s + ||
la| + 8]+ |v], Vsel0,1].

g(s) <
<

However, given the expression of g, we can get a better bound which depends on whether the
apex of g is between 0 and 1 or not. More explicitly,

ma (g(0)}lg(D)) = max (b, Ja+ 5 +40),if — - ¢ [0,1],

1(55 )| o)1) = mas (m,

Vs €[0,1], g(s) <

2
B

ma (|(0) -

la+ 8+ ’y|> , else.
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