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Abstract

Computing numerical approximations of solutions of high-dimensional PDEs is in-
evitably affected by the so-called curse of dimensionality. In order to address this
fundamental issue, we introduce a computational method that not only produces rig-
orous mathematical theorems regarding the correctness of the numerical output, but
also has the important property that most of the extra computational cost involved
in the proofs is not affected by the curse of dimensionality. The idea is to prove the
existence of solutions of high-dimensional nonlinear PDEs by verifying computationally
the hypotheses of a contraction mapping theorem and by bounding the nonlinearities
via one-dimensional estimates. It is demonstrated that with this new approach it is
dramatically cheaper to prove that the numerical output is correct than to recompute
at a finer resolution. This claim is illustrated in the context of a pattern formation
model defined on a three-dimensional spatial domain.

1 Introduction

Scientists using mathematical models to predict and understand phenomena in fields as
broad as physics and finance face the fact that realistic models often need to be defined
on high-dimensional spatial domains. For instance, partial differential equations (PDESs)
arising in fluids and material science are naturally defined on three-dimensional domains,
and mathematical finance models like the Black-Scholes equation can be defined on domains
of dimension as large as ten. These models are on the one hand more realistic than lower-
dimensional versions, but on the other hand have the disadvantage of being affected by the
so-called curse of dimensionality. In other words, given a fixed grid size, the number of
spatial discretization points required to realize that size increases exponentially as the di-
mension of the domain grows. As a result, and motivated by the increasingly important role
played by numerical simulations, scientists are constantly developing efficient algorithms
in order to reduce the computational cost involved in computing approximate solutions of
high-dimensional PDEs. However, when done at the frontiers of computability, it may be
very hard to verify the correctness of the numerical output. For instance, in the context of a
three-dimensional PDE, the standard approach of assessing the correctness of the numerical
result simply based upon its reproducibility at different levels of refinement may be imprac-
tical. More explicitly, suppose that a numerical method to solve a three-dimensional model
involves an algorithm of computational complexity n? (e.g. computing the LU decomposi-
tion of an n x n matrix). Since the input of the algorithm is a discretization of a function
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defined on a three-dimensional domain, its size is n = m3, where m represents the number
of points in the discretization in each dimension. An attempt to reproduce the result by
doubling the number of mesh points in each dimension would increase the computational
cost by a factor of 512, since then n = (2m)3 = 8m? and n3 = 512m?. Using this standard
approach a one week numerical simulation could take about ten years to be verified. In
order to address this fundamental issue in the context of high-dimensional PDEs, we pro-
pose here a computational method that not only produces rigorous mathematical theorems
regarding the correctness of the numerical output, but also has the important property that
most of the extra computational cost involved in the proof is not affected by the curse of
dimensionality.

It is important to mention that several methods have been developed to address the
problem of the curse of dimensionality arising from computing solutions of high-dimensional
PDEs. We refer to [1] and the references therein for an extensive review of the methods.
Just to give a few examples, sparse tensor product approximations [2, 3] and tensor-product
wavelet bases [4] have been developed to compute solutions of parabolic and elliptic PDEs,
and the Monte Carlo method [5] is by now a standard tool used in computing numerical
solutions of high-dimensional PDEs arising in mathematical finance. However, to the best
of our knowledge, none of these novel approaches have been adapted to produce rigorous
computer-assisted proofs regarding the correctness of the numerical output.

One of the key ingredient of the proposed approach is to use a computer program with in-
terval arithmetic [6] to generate sharp one-dimensional analytic estimates (see Appendix A)
which are then used to produce high-dimensional estimates. The purpose of the high-
dimensional estimates is twofold. First, they are used to construct rigorous upper bounds
for the convolution terms involved in the nonlinearities of the PDE. Second, they are used
to estimate the truncation error terms introduced by computing on a finite dimensional ap-
proximation of the original problem. Furthermore, since these high-dimensional estimates
are solely based on product of one-dimensional estimates, their rigorous computer-assisted
construction does not increase in complexity as the dimension of the domain increases.

It is well known that evaluating nonlinearities of high-dimensional PDEs can be very
expensive. Efficient algorithms like the Fast Fourier Transform (FFT) (e.g. see [7] and
the references therein) have been successfully applied to speed up such computations, but
as mentioned earlier, when done at the frontier of computability, such algorithms can be
hard to apply (e.g. see Example 1.2). In order to address this difficulty, the present method
proposes using sharp analytic estimates to bound the nonlinearities as opposed to computing
them with FFT. As it is discussed in details in Section 2.2, with this new approach,

it is dramatically cheaper to prove that the numerical output
1s correct than to recompute at a finer resolution.

Note that this result is similar in spirit to the result of [8], where it was demonstrated
that the computational cost of the so-called validated continuation method is less than twice
the cost of the standard continuation method alone. It is important to remark however
that only one-dimensional examples were presented in [8], and that the method there did
not include control of the floating point errors involved in the computations by means of
interval arithmetic, meaning that the cost comparison there is a result regarding non-rigorous
computations.

The method introduced in the present work is based on the rigorous continuation method
of [9], which has been developed to prove existence of equilibrium solutions of parameter



dependent PDEs of the form
P
uy = L(u, \) + Z gnu”, (1)
n=2

in a rectangular domain  C R%, where \ € R is a parameter, L(-, \) is a linear operator, and
dn = qn(\) € R are the coefficients of the polynomial nonlinearities. The main differences
with the work introduced in [9] and the present work are introduced at the end of this
section. It is demonstrated in [9] that under certain regularity conditions on the solutions,
finding equilibria of (1) is equivalent to finding solutions of

f($7 >‘) =0, (2)

for x = {z }reze in a Banach space X of coefficients decaying algebraically at least as fast
as {é}kezd, where {w§ }reze are weights with decay rate s. The map f := {fx}reze is
given component-wise by

P
fe(@, A) == ppeg(N)zg + an Z Ty - xpn, k€79, (3)
n=2 kly fkm=k
kiezd

At the parameter value A = \g, the rigorous continuation is based on a contraction map-
ping argument applied to a Newton-like operator T, which depends on an approximation
of the inverse of Df(Z,\g), where Z is a numerical approximation of a finite dimensional
Galerkin approximation of (2), for A = Ag. The method focuses on efficiently determining
balls B(z,r) := &+ B(r) centered at & and of positive radius r in X*® on which T is a contrac-
tion mapping. In the end, the proof of existence of solutions of (2) is obtained by verifying a
finite number of polynomial inequalities, the so-called radii polynomials {pg(r)}rxeza, which
provide sufficient conditions to have that T : B(z,r) — B(Z,r) is a contraction.

Since the extra cost of the proof of the rigorous continuation method of [9] is the con-
struction of the coefficients of these polynomials, the strategy here is to reduce the cost
involved in their computation. In order to present this strategy, we briefly review the phi-
losophy and the ingredients involved in the construction of the radii polynomials. For more
details, we refer to [9]. The radii polynomials {pg(7)}recz« are upper bounds satisfying

‘[T(f) - f]k‘ + sup
b,ceB(r)

r
[DT(z + b)c}k‘ - o < pi(r), for every k € Z¢. (4)
Assuming that one can find a radius r > 0 such that pg(r) < 0 for all k € Z%, then
by the Banach Fixed Point Theorem, the operator T has a unique fixed point within the
set B(Z,r) C X*°. In order to avoid having to verify an infinite number of polynomial
inequalities, one can construct a polynomial pas(r), independent of k, such that

~ r
pr(r) = pM(r)E, for k & Fyy, (5)

k
where M = (M, ..., My) € N is a computational parameter refered to as the wverification

dimension and Fpy := {k € Z | |k| < M}, where k < M and |k| denote component-
wise inequalities and absolute values, respectively. Note that the verification dimension M
provides the size of the finite dimensional system on which the hypotheses of the contraction
mapping theorem will be verified. More explicitly, if N is the cardinality of Fps, one
computes N finite radii polynomials {pk(r) }ker,, satisfying (4) and one tail radii polynomial
satisfying (5). To prove existence of steady states of the PDE (1), it is sufficient to verify
the hypotheses of the following Lemma.



Lemma 1.1. [9] Consider the finite radii polynomials {p }ker,, satisfying (4) and the tail
radii polynomial ppr satisfying (5). If there exists an r > 0 such that pg(r) < 0 for all
k € Fnp and pa(r) <0, then there exists a unique & € B(Z,r) such that f(Z, Ao) = 0.

Before proceeding further, it is worth mentioning that the idea of the radii polynomi-
als were introduced in [8] with the goal of providing, in the context of equilibria of one-
dimensional PDEs, an efficient means of determining a domain on which the contraction
mapping theorem is applicable. Since then, they have been extended to prove existence of
equilibria of high-dimensional PDEs [9, 10], of time periodic solutions of delay equations
[11, 12], of connecting orbits of ODEs [13], of time periodic solutions of PDEs [14] and of
fundamental matrix solutions arising in Floquet theory [15]. We refer to [16] for a more
general discussion of the radii polynomials.

Since the finite radii polynomials {pg }xecF,, and the tail radii polynomial pas encode the
upper bounds (4), one has a certain freedom in how to construct them. There are however
two fundamental constraints to be satisfied in their construction. First, the verification
dimension M has to be chosen large enough so that the tail radii polynomial satisfies
pm(r) < 0 for some r > 0. Second, the finite radii polynomials have to be efficiently
constructed so that their evaluation is not too computationally expensive. In the way that
the radii polynomials are constructed in [9], these two constraints compete against each
other. Indeed, the nonlinearities of fi given by (3) are split as follows

Z Tyt - Tpn = Z Tt - Tpn + Z Tyt - Tpn, (6)

k1+~‘~+kn=k k1+1~+k"=k klt. . 4+rN=k
kicza kic€Fng {kl,...k"}Y¢ Far

and the first finite sum is evaluated using the FFT algorithm while the second infinite sum
is bounded using analytic estimates. Since the dimension of the FFT computations is larger
than the verification dimension M, this approach is very expensive as the dimension d of
the spatial domain ) increases. One of the reason comes from the aliasing errors that need
to be eliminated in order to get rigorous bounds using the FFT [17]. In order to make that
important point clear, we give an explicit example.

Example 1.2. Consider d =3, M = (M, M, M) and a vector = {2k }ker,, € R(EM-1)?
In order to compute a rigorous upper bound for the sum

Z Lp1T 23 (7)
kltk24k3=kK
kicFn

using FFT, one needs to enlarge the vector = to control the aliasing error (e.g. see [17]).
Consider M* to be the smallest power of 2 such that M* > 26 M — 1, where § = 2 in this
case. Define M™* = (M*, M*, M*) and consider a new vector & = {Zg}rcr,,. € RO
such that

) {xk, if ke Fyg

T =

0, ifke Fae\ Far.

An upper bound for (7) can be obtained by computing the Fourier transform of Z € RM™)?
This computational task can be done using the FFT algorithm, which is a powerful way to
compute high-dimensional convolutions (see [7]). However, in the case of three-dimensional
PDEs, this algorithm may be hard to apply, since the actual value of (M*)3 can be very
large. For example, in [9], in order to prove existence of non trivial equilibria for the 3D
Cahn-Hilliard equation, the authors computed a cubic convolution of the form (7) with



M = 218, where M was chosen to be the smallest integer so that the tail radii polynomial
(5) could be successfully solved (see Figure 4 in [9]). In this case § = 2 and then M* =
210 = 1024 > 26 M — 1 = 871. Obtaining a rigorous upper bound for (7) therefore involved

computing a FFT of the vector # € RM"° ~ R19”, This is a serious computational task.

Based on the previous example, we now underline three important differences between
the work of [9] and the present work. The first and most significant improvement is a strat-
egy to fight the curse of dimensionality involved in the computation of high-dimensional
convolution sums using the FFT. In the present work, a new construction of the poly-
nomials is presented where the nonlinearities of the form (7) are bounded by products of
one-dimensional estimates as opposed to using the FFT with large inputs. Second, we intro-
duce an explicit construction of the radii polynomials for general polynomials nonlinearities.
In [9], the explicit presentation was done only for cubic nonlinearities. Finally, since this
new approach depends heavily on sharp estimates, we improve significantly in Appendix A
the one-dimensional estimates presented in [9] (see Figure 7 for a comparison). In order
to demonstrate the sharpness of the new estimates in a simple context, we present in Sec-
tion 3.2 a result about the existence of several equilibria of the one-dimensional Allen-Cahn
equation. We refer to Figure 6 for a result which improves dramatically a result of [17].

The paper is organized as follows. In Section 2, the new proposed efficient rigorous nu-
merical method for PDEs via one-dimensional estimates is introduced. The section begins
by reviewing some recent methods that combine rigorous computations and efficient numer-
ics. In Section 2.1, the general formulae of the radii polynomials are introduced, where the
derivation and the justification is left out for later. In Section 2.2, an analysis of the compu-
tational cost involved in the evaluation of the radii polynomials is presented. In Section 3,
applications are presented. First, the method is applied in Section 3.1 to prove existence
(and local uniqueness) of several equilibrium solutions of a pattern formation model de-
fined on a three-dimensional domain, where it is demonstrated that it is about two hundred
times cheaper to prove that the numerical output is correct than to recompute at a finer
resolution. Second it is shown in Section 3.2 that the present method provides a significant
improvement over the method introduced in [17]. The mathematical justification of the radii
polynomials is finally presented in Section 4. The Appendix contains the derivation of the
one-dimensional convolution estimates, which are an improvement over the ones presented
in [9].

2 Efficient rigorous numerics via one-dimensional esti-
mates

Mathematicians are often inclined to emphasize the importance of rigorous mathematical
proofs and thus marginalize the computational cost of the verification methods. On the
other hand, scientists are often more interested in investigating numerically a wide variety
of models rather than answering a particular question about a specific problem. This is
a strong motivation to develop numerically efficient rigorous methods. In an attempt to
reduce the computational cost and hence make rigorous methods more amenable to large
scale computations, efficient algorithms from numerical analysis and scientific computing
have been recently incorporated within rigorous computations. For instance, in order to
study global solution curves of steady states, path-following algorithms have been used to
handle parameter dependent equations more efficiently [8, 18, 19, 20, 10, 21, 22]. Similarly, in
order to speed up the computations and to obtain rigorous bounds for the evaluation of the
nonlinearities of the PDEs, the fast Fourier transform (FFT) algorithm has been combined



with interval arithmetic [17, 23]. However, like many other numerical methods, the cost of
the rigorous computational techniques increases dramatically as the dimension of the spatial
domain of the PDE under study increases (e.g. see Example 1.2). Hence, one has to find
ways to decrease the number of variables used in the computations while still producing a
reliable rigorous numerical output. As mentioned earlier, the goal of the present work is
to address the curse of dimensionality in the context of the rigorous continuation method
for equilibria of higher-dimensional PDEs introduced in [9]. As mentioned in Section 1, the
extra computational cost required to prove the correctness of the numerical output of the
Newton method applied on a finite dimensional Galerkin projection is the construction of
the radii polynomials satisfying the hypotheses of Lemma 1.1. The general formulae of the
radii polynomials are now presented, while their derivation is done in Section 4.

2.1 General formulae for the radii polynomials

In order to perform the necessary computations one needs a finite dimensional approximation

to (2). Fix a computational parameter m = (myq, ..., mg), which is referred as the Galerkin
projection dimension. Denote Fy, := {k € Z% | |k| < m}, where for k = (ky,...,kq) € Z¢
and |k| = (|k1],...,|k4|). The m-dimensional Galerkin projection f(™ := {f,(cm)}kepm,
with fI™: Rmi-ma x R — R™~Md is given by
P
(@ En, ) = fr((@p,,, 05,)s A) = pecr + San Y ek, (8)
n=2 Ely . pkn=k
kI€Fy,

where zp,, := {k}rer,, and zr,, = {zk}rer,, denote, respectively, the finite part of size
m = (my,...,mg) € N% and the corresponding infinite part of z = {zg }reza-

Assume that one computed a numerical zero for f(™) at a given parameter value \g,
that is, Zg, such that f(™)(Zg_,\g) ~ 0. Let J,;! be a numerical approximation for the
inverse of the Jacobian matrix D f(™)(Zp, , o), which is assumed to be invertible. Fix a
computational parameter M = (My,..., My), which is referred as the verification dimen-
sion. More explicitly, the parameter M determines the size of the finite radii polynomials,
that is there are My Ms - - - My finite radii polynomials. Recalling the value ug in (3), define

[T f™) (2, M)l iE K € Finy

Yy = |u,;1fk(:f,>\0)|, ifke Fag\ Fr (9)
0, if k& Fayp.
The one-dimensional weights
R 1, if k=0
Wp = )
|k|®, if k#0,
are used to define the d—dimensional weights
d
wp = Hwii >0, (10)
j=1
where s = (s1,...,54) is the decay rate. The d—dimensional weights are used to define the
norm
[z]ls = sup wg|zel. (11)
kezd



Using (10), define w™* := {1/w§ }reze, wg: = {1/w} tkeF,, and
70 = HI JZIDFT™ (25 o) ‘wF } (12)

where || denotes component-wise absolute value and I denotes the identity operator. Using
the definition of the one-dimensional estimates oz,(cn) given by (32) and (33) in Section A.2

we define the high-dimensional estimates by
ozgcn) = ozgc H oz(n) (s, M;) > 0. (13)

The usefulness of the estimates (13) is that convolution sums of the form (6) can be bounded
by terms of the form a;”)/w;‘i, assuming that the vector = {xg }reza in (6) decays to zero
at least as fast as 1/wg. We refer to Figure 1 for an example of the geometrical interpretation
of the decay of the high-dimensional estimates (13).
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Figure 1: The case d = 2: two dimensional estimates aS) = 04,(63) k, as product of one-

dimensional estimates for M = (50,50) and s = (s,s). The cases s = 2 (top-left), s = 3
(top-right), s = 4 (bottom-left) and s = 5 (bottom-right) are depicted.

Using the definition of the one-dimensional estimates 556") given by (36) in Section A.2
one defines another set of high-dimensional estimates by

(”) wki
€§cn) = E;cn)(s M) = —=- max (n)ijifl(;)(SpMj) . (14)
wk Jj=1l..d akj (Sj7Mj) ’
Consider now a computational parameter

M = (My,...,My), suchthat m <M < M, (15)



which is referred to as the FFT computation dimension. Using (13) and (14) we define

p p
> nlanl (Jal" ™« g7 =)+ D nlanllally e, for k€
n=2 n=2
P p ( )
1 —|n— —s n— n
70 =3 gl (|z| 1*wFM)k+Zn|qn|||zH 1e(m, for k€ Fiz \ Fi,
n=2 n=2
- 1045:)
3 nlgalllt Sk, for k& Fy
n=2 wk

(16)
and for £ € {1,...,p—1}

P

n—1 _in—1— _s _n—1— n
> nlaal (" ) (1w g )), e D] o b g

(e+1) . ) n=t+1

k p s 1 agcn)
> alaallelly (" ) %k for & ¢ Fyy
n=~0+1 k
(")

where for the sake of simplicity of the presentation, we identify xp_ with (zr.,01), 1
with (Of,, 21, ) and zF,, with (zF,,,0r,, ), and we use the discrete convolution notation

n times
——N—
("= Tx--*xx)p = Z Tpl v Tpn.
klt +k=k
kiezd

Combining (12), (16) and (17), we define

p—1
S (R 2er) i+ 20 for k€ Py
£=0
Z(r) = B (18)
S w2y e for k€ Fpr\ Fry
£=0

Assume that we can find fipg, independent of k, such that
g < lugl, for all k¢ Fyy. (19)

As in [9], for M € N, with M > 6 and s > 2 we define the one-dimensional asymptotic

estimate
agz) = dg\}l)(s,M) = max {aé")(s,M) | k= O,...,M},

which is used to define the high-dimensional asymptotic estimate

d
dg\?:&ﬁ)(s,M) = max a(n, (854, M, Hd (85, Mj) ¢ - (20)
Define
~ alanllally =4 (" F)asre (21)

Mz 0 n=max{¢(+1,2}



Definition 2.1. Recall the definition of Yz and Z(r) given respectively in (9) and (18).
The finite radii polynomials {pg }kcF,, are given by

pe(r) =Y + Zi(r) — %, for ke Fyy. (22)
k

Recall Zpz(r) given by (21). The tail radii polynomial is given defined by
pa(r) = Zae(r) — 1. (23)

2.2 Computational cost involved in computing the polynomials

The FFT computation dimension M such that m < M < M is precisely the parameter that
governs the computational cost involved in the construction of the finite radii polynomials
defined in (22). More precisely, since the convolution sums in (16) and (17) are evaluated
using the FFT algorithm with inputs of size M, the closer M is to the Galerkin projection
dimension m, the more efficient the computation of the polynomials are. The smallest
possible “distance” between M and m so that the hypotheses of Lemma 1.1 are satisfied is
determined by the sharpness of the estimates 55:) given by (14). Hence, the sharper the one-

(n)
k

dimensional estimates «;, ’ and E](cn) from Section A.2 are, the sharper the high-dimensional

estimates E;cn) are, the smaller the FFT computation dimension M is and therefore the more
efficient the computation of the finite radii polynomials are. This fundamental importance
of the one-dimensional estimates is the reason why we had to improve the estimates from
[9] and present a new improved version in Appendix A. We refer to Figure 7 for an explicit
and direct comparison.

It is also important to note that the construction of Z,(cl),...,Z,(cd) in (16) and (17)
corresponding to the cases k € Fy; is not affected by the curse of dimensionality, because

(n)
k

their computation only involves evaluating the estimates «, ', which are mere products of

the one-dimensional estimates oz,(cn) computed in Section A.2. Therefore, in case we can set
M = m, we have that most of the extra computational cost involved in the proofs is not
affected by the curse of dimensionality. As a consequence, in Section 3.1, we demonstrate
that in the context of a three-dimensional PDE, we can set M = m and it is about two
hundred times cheaper to prove that the numerical output is accurate than to recompute

at a finer resolution.

3 Applications

3.1 Cost comparison for Swift-Hohenberg in 3D

In this section we consider a pattern formation model defined on a three-dimensional spatial
domain and present a cost comparison between the numerical computation of the equilibria
and the verification method to prove that the numerical solution represents a true solution
of the PDE.

We consider the Swift-Hohenberg equation

up = vu — (14 A)u —u? (24)

with even periodic boundary conditions on a rectangular bounded domain € C R3, that
is, we are interested in periodic solutions that satisfies the symmetry conditions u(y,t) =
u(lyl,t), where |y| := (Jy1l, lysl, |ys]). Equation (24) describes the onset of Rayleigh-Bénard



convection, and is widely used as a model for pattern formation. The parameter v > 0 is
the reduced Rayleigh number.

Notice that this equation was considered in [9], where computations in 3D could be
performed only for relatively small ranges of parameters due to high computational costs
for larger values of the parameter. Figure 2 shows the diagram of the computed solutions
of (24). Notice that the range of parameters presented in Figure 2 is much larger than the
one considered in [9]. A plot of the level surfaces of the last point on the branch in Figure 2
is presented in Figure 3.

10

Figure 2: Branch of equilibria for the Swift-Hohenberg equation in the 3D rectangle 2 =
[0,27] x [0,27/1.1] x [0,27/1.2]. For all the points on the plot the verification method
was successful in proving the existence of a unique equilibria of (24) near the numerically
computed solution. For the computations we used m = (m, m,m) and s = (2,2,2). The
projection dimension is m = 8 for the first point on the branch and it increases as needed
along the branch to m = 12 for the last point.

In Figure 4 and in Table 1, we show a cost comparison between the numerical com-
putation (Numerics) of the equilibria and the verification method (Verification). The
verification time measures the cost involved in computing the radii polynomials and verify-
ing the hypotheses of Lemma 1.1. In other words, it represents the extra computational cost
involved in performing a computer-assisted proof of existence and local uniqueness of equi-
libria of (24). The running times in the plot correspond to a single solution on the branch
of Figure 2 at v = 7.4093499072734623, which corresponds to the fourth non trivial point
rigorously computed on the branch. We recomputed the same solution for several values of
m and ran the verification algorithm on that solution for each value of m. As we can see
from Figure 4 the cost of proving the existence of a solution near the numerical result is
comparable to the cost of computing the numerical solution itself. Hence it is dramatically
cheaper to prove the correctness of the output than to recompute the solution at a finer grid
resolution, since the computational cost increases dramatically with m. Let us give a more
quantitative description of that claim.

Consider the case m = 9 in Table 1. It took about 5.84624 seconds to compute a
numerical approximation of an equilibrium solution of (24). As mentioned in Section 1,
a standard approach of assessing the correctness of a numerical result is based upon its
reproducibility at a finer level of refinement. In that case, such a standard approach would

10
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Figure 3: Level surfaces for the solution corresponding to the last point on the branch of
Figure 2, corresponding to v = 53.824306721432478. This solution was computed using
m = (12,12,12) and the proof was performed using M = (58, 58, 58).
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Figure 4: Running times for the numerics and the verification method for a solution in
Figure 2. The horizontal axis represent the projection dimension m and the vertical axis
refers to the time in seconds needed for the computations. The times shown refer to the
same solution that was recomputed for several values of m. This demonstrates that it is
dramatically cheaper to verify the correctness of the solution than to recompute it with a
larger value of m.

11



require taking m = 18 to assess the correctness of the output, meaning that in the context
of computing equilibria of (24), the extra computational cost to verify the numerical output
would be 3084.07 seconds (see Table 1). On the other hand, the extra computational cost
of our new proposed rigorous verification method is 15.73299 seconds. This implies that
the ratio between the cost of the standard validating method versus our rigorous method
is 3084.07/15.73299 = 196.025676. Therefore, in the context of computing equilibrium
solutions of the PDE model (24) in 3D

it is about 200 times cheaper to prove that the numerical
output is correct than to recompute at a twice as fine resolution.

Note that while the above ratio (=~ 196) was computed with a Galerkin projection
dimension m = (m,m,m), where m = 9, we believe that this ratio should increase as
one increases m.

H m \ Numerics \ Verification H

8 | 1.78967 11.94395

9 | 5.84624 15.73299
11 | 37.8836 35.01097
14 | 323.518 317.60105
18 | 3084.07 2539.81061

Table 1: Running times in seconds.

3.2 A dramatic improvement for Allen-Cahn 1D

As mentioned in Section 1, in order to demonstrate the efficiency of the new proposed method

and the sharpness of the new estimates of Appendix A, we now present a comparison with

the rigorous computational method introduced in [17]. There, the construction of the radii

polynomials is done with different estimates. In particular, the method is applied to the

one-dimensional Allen-Cahn equation

{ut = Uy, +u—ud, in Q=1]0,1] (25)
Uy =0, on 0f2,

where A = 72 /€2 is used as the continuation parameter. For (25) the Fourier basis {cos(kmx) |
k=0,1,2,...} is used and then the solutions of (25) are represented using the expansion

u(z,t) = up(t) + 2 Z ug(t) cos(kmz).
k=1

So (25) takes the form

Uk = UrUi — E Uk Uy Uy (26)
ki+ko+ks=k

where p;, = 1 — 72k? /) are the eigenvalues of the linear operator in (25). The radii poly-
nomials introduced in Definition 2.1 were constructed in the context of (26) and several
equilibria of (25) were proved to exist by verifying the hypotheses of Lemma 1.1. In Fig-
ure 5, we present a comparison of the branches computed with the construction of [17] and
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the branches computed using the new method introduced in this paper. Note that using
the present method, we did not encounter any failure for the method. This is a significant
improvement compare to the result of [17], where all computations eventually failed at fairly
small parameter values.

-

0.6 — —(2)

3

0.5 (4)

(5)
—04

=
=03
0.2
0.1
0 200 400 600 800 1000 0 500 1000 1500 2000

Figure 5: Branches from [17] (left) and the ones computed using the new method presented
in this paper (right).

Another improvement of the method can be seen by comparing the minimal Galerkin
projection dimension m that is required to verify the hypotheses of Lemma 1.1 using the
construction of the radii polynomials from [17] and the construction of the radii polynomials
done in this paper. Notice that using the present method, the finite dimensional Galerkin
projection can be taken 10° times smaller than in [17] while still producing a proof. This is
a dramatic improvement.

5

6X 10
(a) o
° (b)
501
al
40t
g3t
Sao
2 20t
1t 10l
0 L L L L J 0 L L L J
0 200 400 600 800 1000 0 500 1000 1500 2000

Figure 6: The minimal required dimension of the Galerkin projection m as a function of the
continuation parameter A along: (a) the black dotted branch of equilibria of Allen-Cahn
from Figure 5 (left) which was proved using the method from [17]; (b) the branch (3) of
equilibria of Allen-Cahn from Figure 5 (right) which was proved using the present method.

13



4 Justification of the formulae of the radii polynomials

In this section, we justify and describe the construction of the radii polynomials that are
defined in Section 2.1. The first ingredient in the construction of the radii polynomials is to
find a numerical zero for f(™) at a given parameter value \o, that is, one finds z F,, such that
fU)(Zg, , \o) = 0. Defining Z := (Zf,,,0z, ) one expects that f(z,\o) ~ 0 provided Zp,,
is computed using a sufficiently large Galerkin projection dimension m. This assumption
is mathematically justified by the fact that since equilibria of parabolic PDEs are solutions
which exist globally in time, the linear term L in (1) regularizes the solutions and hence
equilibria are very smooth (e.g. see [24]). This implies that the coefficients of the Fourier
expansion should decay very fast (exponentially) and so by increasing the dimension of the
Galerkin projection, one expects to approximate a true solution of the infinite dimensional
PDE.

Using the numerical solution Z, the equation f(x,\) = 0, where f is given component-
wise by (3), is now transformed into an equivalent fixed point problem for a Newton-like
operator about Z. For this purpose, let J,.! be a numerical approximation for the inverse
of the Jacobian matrix Df(™)(Zg,_, \g), which is assumed to be invertible. Recalling the
definition of the high-dimensional weights in (10), we define the Banach space

X* = A | [le]ls < oo}, (27)

consisting of sequences with algebraically decaying tails according to the rate s. The linear
operator J ! on X* is defined by

{J_l(x)} = {J;‘l(xp’”)}k’ itk € Fm
k fg ke, ifk ¢ Fp,.

Notice that J~! is an approximation for the inverse of D f(Z, \g). Defining
T(w) =2 — 7 (@, o)

one can readily see that finding zeros of f is equivalent to finding fixed points of T' (see [9]).
The idea is to uniquely enclose fixed points of T into closed balls B(Z,r) in X* centered
at . One can easily check that the closed ball of radius r in X*, centered at the origin, is
given by

B(r) == B(0,7) = H[ ! T].

kezd w’i 7 wfc’
The closed ball of radius r centered at z is
B(z,r) =%+ B(r).

As proved in Lemma 3.3 in [9], to show that T : B(Z,r) — B(Z,r) is a contraction mapping
in X®, one needs bounds Y and Zj, satisfying

‘[T(:E) - f]k‘ <Yy, forevery k€ Z4. (28)

sup |[DT(z + b)c]k’ < Zy(r), for every k € Z°. (29)

b,ceB(r)

Recalling that the radii polynomials must satisfy (4), it is sufficient to compute Y3 and
Zy, satisfying (28) and (29) to construct them.
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4.1 Computation of Y}

In order to compute the upper bounds Y, it is important to note that, since z is such
that 7 = 0 for k € Fy,, we have (z"); = 0 for every n > 1 and k € Z? such that
k; > n(m; — 1)+ 1 for some 1 < j < d. Hence, choosing M such that M; > p(m; — 1)+ 1
for all 1 < j <d, we have that fx(Z, A\o) = 0 for every k > M. Therefore, since T(Z) — & =
—J71f(Z,\o), we can define Y = {Yj } ez as

[[J1 1™ (@ F,, M)l if k€ Fi,
Vi 1= q I (@, 20, if k€ Far \ F,
0, if k¢ Fay.

4.2 Computation of Z,

In order to compute Zj, we denote J,y, = Df(m)(ipm, Ao) and introduce the linear operator

on X° ~
N J, m&J, ifkeF

)] - [miee)], "

k HETE, it k¢ Fp,

which is an approximate inverse to J 1. Define w~*

We write

= {1/wg tkeze and wg® = {1/wE }keF,, -
DT(Z + b)c = (1 - J‘1j>c gt (Df(i: +b,A0) — J)c, (30)

and notice that the first term on the right hand side of (30) is zero for k ¢ Fy,, and is very
small for k € F,;, admitting the following upper bound

(=770, <o

I-— J;.LlDf(m)(:EFm, /\0)‘ w;‘i}k =: TZ,(:),

where | - | denotes component-wise absolute value. Notice that
l /-1
[Df(z +0, AO)c]k = MiCr + Z Vn Z ( 14 ) (j"—l—é b C)k
n=2 £=0
and

p
~ IECle + Z ngn (a’c”_l * cFm)k, for k € F,,
[Jc}k: = n=2

1kCh, for k & Fy,.

Set b = ru and ¢ = rv, with u,v € B(1). Now, for the sake of simplicity of presentation, we
identify up_ with (up.,0r) and ur, with (Op,ur ), for u € X*°. Hence, we have

(P w00 7)], =3t

where

P
ann (En_l * va)k, for k € F,,
n=2

C,(cl) =9,
ann (:E"_l * v)k7 for k & F,,
n=2
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and for £ € {1,...,p— 1},
p n—1
n=~0+1

Next upper bounds Z,(cj) so that |C’,(cj)| < Z,ij), for j = 1,...,p, are constructed. For the
cases k € Fy;, we split the sums involved in the C’,(cl)7 RN C’,(cp). Recalling that z,;, = 0 for
k’ ¢ F,, we can write

p p
ann (2" (vr,, —v1g)), + ann (2"t xvry),, for ke Fp
n=2

n=2

C(l) _
k » P
ann (:E"_l * vpm)k + ann (50"_1 * vIM)k, for k€ Fyp \ Fn.

n=2 n=2

Now, for a given ¢ € {1,...,p — 1} and k € Fyy, consider the splitting

P
n—1 1
CI(fH) — ann< , )(x 1 Z*U%M*vpm)k
n=0+1
- n—1 —n—1—2 ¢ 0
+ ann , (x *[u *v—uFM*vFMDk.
n=~+1

Hence, for general k € Z?, one has the following component-wise upper bounds

P p
—|n—1 —s —s —||n—1 —s\n—1 —s
> gl (2" @it —wph) + D wlaalllelz (@) wwg) L for k€ Frn
n=2 n=2
p p
1 =|n— —s =||n— —s\n— —s
e < O3 nlaal (2l gy, ) + D nlanl 237 (@) wwt) for k € Fyz\ Fim
n=2 n=2
P
> nlgalllzll2 " ((0°)") for k & Fyy
n=2

and for £ € {1,...,p— 1},

p
n—1 ~n—1— —s
> alaal (" 1) (ln g ),
n=~0+1
p
—l|n—1— n—1 —s\n—1— —s —s
<8 S alanllallz (") (et [ - @) Y), o e
n=~+1
- —n—1—e [T — 1 —s\n
Sl (") ) (@), for k ¢ Fy
n=~¢+1

The fundamental step required to finalize the construction of the radii polynomials is
to find efficient ways to bound the nonlinear convolutions. This is precisely where the
sharp one-dimensional estimates presented in Appendix A become fundamental. Fix ¢ €
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{0,...,p}, n € {max{¢ + 1,2},...,p} and k € Fy;. Using the definition of the one-

dimensional estimates 04,(C "™ from Section A.2 we define the high-dimensional estimates

aﬁc") = ak H a(n) (sj, M.

Using the definition of the one-dimensional estimates 55:) given by (36) in Section A.2 we

define another set of high-dimensional estimates

e = (s, M) =

From Lemma 2.2 in [9], we have that

£+1
((ws)nlf « |:(ws)l+1 . (w;‘;) + :|> _ Z lels"'wl;f < (€+ 1) (n)
k klto +kn=k

{k!, kY Fy

Similarly, given n € {2,...,p} and k ¢ Fy;, we can use the Lemma 2.1 from [9] to get that

—s\n Qe
(o), < 2
As defined in (16) and (17), letting
p p
> nlaa] (|2« t =)+ 3l for k€ Fro
n=2 _
p
2 = {3 nlgal (|a-:|”*1 *w;;) n Zn|qn|||a: n—1e(™), for k € Fyz \ Fy,
n=2
- 1a§cn)
> nlanlllzlly - for k¢ Fiy
n=2 k

and, for £ € {1,...,p— 1},

P

n — 1 _in—1— —s —m—1— n
> nlanl (" ) (1w g )), T 0] o ke g

(e4+1) . ) n=t+1

k . 1—e(n—1 Ofgcn)
> nlallalz (") ) for k¢ Fy,
n=(+1 k

we recall the definition of Zg(r) in (18) to obtain

p—1
IAOESY (]J;L1| Z}fj”)kr“l + 70y for ke Fp,
£=0

sup (Z+b)c] k’ <

b,ceB(r)

p—1
Zi(r) = |ug 12 et for k€ Fag\ Fym.
£=0
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Now assume that we can find jips, independent of k, such that
anv < |pkl, forall k¢ Fay.

Then, for k & Fps, we have

p—1
sup [DT(:E—l—b)c]k‘ < Z|M’:1|Zl(f+1)re+1
b,ce B(r) e
- 1 d 1—¢ n—1 O[;cn) 041
= Tl Y el ()
_ wy
£=0 n=max{l+1,2}
r o~
< L7z
s M (r)

- LPX_E zﬁ": nlq |||j||n7172 n—1 &(n)rf
w /lM " 8 / M

£=0 n=max{¢+1,2}

kgl

We now have all the bounds required to define the radii polynomials given by (22) and
(23).

A Appendix: sharper one-dimensional estimates

In this section some improvements of the one-dimensional estimates of [9] are introduced.
The reason for presenting these estimates is because the one-dimensional estimates need to
be as sharp as possible since they play a fundamental role in the construction of the radii
polynomials. Consider a decay rate s > 2, a computational parameter M > 6 and define,

for k > 3,
) m2 [ ] [t m2) o6 2 1 (31)
T = RS =2 T k 3 Y

Lemma A.1. For s> 2 and k > M > 6 we have
k—1 s k—1

D S QLA S
T < — T o771 7 e >Vk X>X"VM-
= Wi Wi, = k5 (k — kp)s

A.1 Sharper quadratic estimates

For k € Z, we define a,(f) = a,(f)(s, M) by

1+2kz:1w7]%5+m7 for k=0
1= 1
= 2wi 2w3 k-1 ws
@) p ; :
ay? = + +2+ ———, for1<k<M-1
' T Wi Wik, (B M A1) M (s~ 1) ;;1 WL Wik,
M
1 2
2%22 T o for k> M
+ Z Z +Ms—1(8_1)+7Ma or > ,
k1=1 1

(32)
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and for k < 0,

Lemma A.2 (Quadratic estimates). Given s > 2 and M > 6. Then, for any k € Z, we
have that

2)
1 a(
S S S kS
w
ky i k1 Yk k

Proof. For k =0 we have

(2)
2 Q
> ey Loy o2 o
k1+k2=0wilwk2 kim1 Yk P kf M?2s—1(2s — 1) w§
k;€Z
For 1 <k < M — 1 we have
1 1
= — |2 7+—+
hg;:k Wiy Whs wi | k1231 W Wik, W0 Z wklwk k1
k]‘GZ
r M
1 w3 2w;
< = E 4 X +2+
w; klzz:l Wi Wiyr,  (B+MA+1)sMs1(s — Z zlwk ko
o
= il
Finally, for k£ > M,
1 1 = W
_ W
T D M mad S Ml
ki+ko=k kl k‘g k L kl 1 k+k1 0 k_kl
ijZ
[ M (2)
1 2 2 «
< = —_+2 = .
< =) T T2 -
kE lk=1"F1 k

In the two inequalities above we used integral estimates to bound the infinite sums.
Using these inequalities and the upper bound 4 from Lemma A.1 we have the result. W
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A.2 Shaper general estimates

We also define a](:) = 0412")(57 M), for n > 3, by

Q=D = (n 1) 2017
) M for k=0
% kzl 2 D2 l(2s5— 1) o
1
Mk(l) n—1) s k-1 _(n—=1)
O e Py o
ki=1 Wiy Wik, (M A 1)(M = k)= (s — 1) Pt W, WE—ky
M ](cnfl)wz Oé(n—l)wS (n1) (n_1)
- o + M__k +a)" " +ay T,
ai”) = kgl Wi Wik, (M AE+1) M (s — 1) ; ’
for1<k<M-1
(n 1)
(n 1) 20[ %
—M 4%
PO s
M a(n 1)
+ Z 1ty Y+l Y, for k> M
k)l 1 k1
(33)
and for k£ < 0,

(n) ._ o™
L k| -
Lemma A.3 (General estimates). Given s > 2 and M > 6. Then, for any k € Z, we

have that
Q™
k

Proof. For k =0 we have

Y o < aé“-“+zz

w
kit:tkn=0 K1 ken
k;€Z

1) n—1 n
26“5\4 ) _ (n)
—1)25-1(25 — 1) wy

For k > 0 we have

(n—1) k—1 (n—1) 0o (n—1)
1 ak+k1 1 ag_g, 1 oy,
> 7005 Z DN Dbl D D Pt
k14 t+kn=k kl 1=1 = kfl k k k+k1 k‘l
k; €z

Consider k € {1,...,M — 1}. Since a,(cnfl) < ag\zfl), for all k > M, we have
00 (n—1)

M-k (n—=1) n—1
Z Yk 1 Z iy Wi n oy Vw
P WEL Wik, | Wi k1:1w21w2+k1 (M +1)s(M — k:)g I(s—1)|
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Similarly,

oo (n—1) M

(”‘Uws

a 1 a(nfl)ws
P o LlSm,
Py Wi Wik, | Wi = Wi Wise,  (MAk+1)sMs1(s—1)

From the definition of oz,(cn) for k € {1,..., M — 1}, it follows that

1 a(n)
Z ws e ws S a’jS
kidothn=k K1 kn k
k:jEZ
Consider now k > M, then
(n—1) M —1
S Ckik o L e 3 1 oy
- M —1(g —
P wzlwi+kl wy = Zl Ms=1(s—1)
Using Lemma A.1, we get that
k—1  (n—1) M-1 _(n—1) k=1 s (n—1)
)DL S o TR o 4
wS WS wS wS ws wS wS
1 Yk Yk—ky 1 Yk Yk—ky k= Yk %k—ky
M—1 (n—1) -1) k-1
< L pP— N Y wi
— S
Wi ooy wi, (1 ) s P
1 M—1 (n—1) k—1 s
k (n—1) k
SM[Z s(l ﬁ“—i_aM (Zss
k ki1=1 wkl - M) ki=1 k1~ k—k1
M-1 (n—1) M-1
< L [Z o M e 1
< , 5 M
Wi o1 Wi (M — k1) - Wi,y
1 *
= oT,i x
Note that we can also (as defined in [9]) let
&2 = max {a;”*”(s, M) | k=0, .,M} ,
and get that
k—1 (n—1) ~(n—1)
> . < % _ Ly
WS WS — WS ™ = w? b-
fim1 Yk Yh—k k k
Hence, defining
¥ =min {3}, X} },
we have that
k—1 a(n—l) 1
Z skls S 752*
ki1 Yk Yk—k Yk
Also,
0o (n—1) 1 M (n—1) (n—1)
e PR e
= Wik, WE = i Ms=1(s—1)



Combining the above inequalities, we get, for the case k > M,

M (n—1)
1 1 (n—1) 1 20y, «
< — ¥
Z Wi oewd T w? *M Z WS + Ms=1(s—1) +

ki+-+kn=Fk k1 n k=1 k1
kjEZ
M (n—1) Q™
k1 (n—1) (n—1) k
+ E ;— ta +a =—
w w
k=1 k1 k
100 . . . . . . . . . . 80
90+ 4 70H
80 B
60 1
70+ B
. |
so{\ |
50 4 40 J,
40 4 30 1
30 2
20
10
10
T e o e o o oo o o 0 20 40 0 s 100 120 140 160 180 200

Figure 7: Comparison of the a,(f') (in red) defined in the present paper and the al(:’) (in blue)

presented in [9] with M = 200. The cases s = 2 (left) and s = 3 (right) are depicted.

A.3 New formulas for ™

Given s > 2 and M > M > 6 we define, for 0 < k < M — 1,
M-k _(n—1) M+k (n—1) (n—1)

(n) _ () w7 _ Xhthy Ok —k o 1 1
e, =¢;. (s, M, M) := —n &t —_— _
k k k;M Wi Wik, o wi Wi (M+1)5(s—=1) [(M—k)s=t (M + k)5t

(36)
and for k£ < 0 - -
ei (s, M, M) i=ef}!) (s, M, M).

Lemma A.4. Givens>2 and M > M > 6, forn >3 and 0 < |k| < M — 1 we have that

> e <o(ITa)
k1+ - +kn=k _ i=1
masc{ |1 |,.... ke |} > B
Proof. We have that
1 1
Z S S S é Z S s
kitotkamk Tk Yk, Yk T Yk,

max{[kal,.... kel} 2 M |y | > M

and
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-M

> ; > X ;
ws DRI ws - ws S DY ws
[ k1 kn ki=—oc0 K1 kot -ch:k ky k2 kn
[k1|>M

Wiy kot oot —k—ky ke " Yk
(n 1) (n—1)

«
kJrkl ki1—k
< Z + v

k»lwk-i-k] wk’lwkl—k

M—k (n—1) 0 M+k (n—1)

«Q 1 « —1) 1
e A Ml T D R e
— s 8 s 8 s JW s ,,8
klfM Wk YEtky fr =M k41 k1 Yty Ky =M Wi, Why —k Mk YR Yk -k
(n—1) M+k (n—1) n—1
< Z Ok, Oky—k n 0‘5\4 : [ 1 n 1 }
wklwk+kl o wi Wi (M +1)5(s=1) [(M—Fk)s=t (M +k)s!
The result then follows from the definition of 5;”). [ ]
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