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Abstract

Differential equations with random parameters have gained significant prominence in recent years
due to their importance in mathematical modelling and data assimilation. In many cases, random
ordinary differential equations (RODEs) are studied by using Monte-Carlo methods or by direct nu-
merical simulation techniques using polynomial chaos (PC), i.e., by a series expansion of the random
parameters in combination with forward integration. Here we take a dynamical systems viewpoint
and focus on the invariant sets of differential equations such as steady states, stable/unstable mani-
folds, periodic orbits, and heteroclinic orbits. We employ PC to compute representations of all these
different types of invariant sets for RODEs. This allows us to obtain fast sampling, geometric visu-
alization of distributional properties of invariants sets, and uncertainty quantification of dynamical
output such as periods or locations of orbits. We apply our techniques to a predator-prey model,
where we compute steady states and stable/unstable manifolds. We also include several benchmarks
to illustrate the numerical efficiency of adaptively chosen PC depending upon the random input.
Then we employ the methods for the Lorenz system, obtaining computational PC representations of
periodic orbits, stable/unstable manifolds and heteroclinic orbits.

Keywords: invariant manifold, periodic orbit, heteroclinic orbit, Lorenz system, polynomial
chaos, random differential equation.
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1 Introduction

In this work, we study random nonlinear dynamical systems. More precisely, we focus on nonlinear
random ordinary differential equations (RODESs) of the form

X —i=fp),  w=al)eR™, 1)
where f : R™ x R? — R™ is a smooth vector field and p = p(w) € R? denotes random parameters
with given distributions. From the viewpoint of applications, it is frequently natural to assume that
the parameters p are only known from measurements, which naturally carry an associated probability
distribution. Then the challenge is to quantify the uncertainty in the “output” of the RODE (1) based
upon the random input. Yet, we are still far way from fully understanding the nonlinear dynamics of
such RODEs. In classical uncertainty quantification problems [17, 27], one is often interested [29, 43] in
the moments as an output of the solution E[z(#)*] for & > 1, where E denotes the expectation. Here we
take a dynamical systems perspective focusing on the invariant sets (e.g. steady states, periodic orbits,
invariant manifolds, connecting orbits, etc.) of (1), and especially in understanding their dependence on
the noisy parameters p. In this paper, we study the invariant sets from a numerical viewpoint. However,
the framework that we develop is well suited to the usage of rigorous numerics [39], and in particular of a-
posteriori validation techniques [42], which could applied to obtain rigorous results about these stochastic
invariant sets. This idea will be presented in a forthcoming work.

Let us start by mentioning that there exist many well developed techniques to numerically study
invariant sets of deterministic ODEs. Therefore, a natural way of studying the invariant sets of (1)
would be to use a Monte-Carlo type approach: consider a large sample of values p; taken according to the
distribution of p, and for each i study the invariant sets of the deterministic ODE & = f(x,p;). However,
this approach is known to be very costly, because it requires a large sample to accurately represent the
statistics of the invariant sets [14]. In this work we make use of a different technique, namely polynomial
chaos (PC) expansions [45, 15], to accurately compute invariant sets of (1). Roughly speaking, we view
each invariant set of (1) as a curve parametrized by p (or as a manifold if p is more than one-dimensional),
and compute such parameterization explicitly via a PC expansion. This can be thought of as a parameter
continuation in p, but in an astute way that not only allows us to obtain the geometrical object (i.e. the
curve/manifold of invariant sets), but also to easily recover statistical properties or observables of this
object. Furthermore, our techniques naturally extend to numerical continuation algorithms [22, 23] if
the probability distributions of p contain further parameters, which is a direction we will pursue in
future work. Before proceeding further, let us mention the work [8], where the question of understanding
the global dynamics of RODEs is also studied, but with a different methodology, namely set-oriented
numerics.



Let X = X(p) be an invariant set of (1), i.e., trajectories starting inside X remain in X for all
t € R. In this work, we focus on the cases where X (p) represents a steady state, a stable/unstable
manifold, a periodic orbit or a heteroclinic orbit, which are among the most important objects in nonlinear
dynamics [26, 18]. One key observation is that PC expansions can be used to unify the computational
framework for invariant sets and that they provide a natural deterministic structure to view the dynamics
of nonlinear random ODEs. Our goal is to find a series expansion of X as a function of p:

X(p) =) Xutu(p). (2)

neNd

Note that the coefficients X, have to be found as solutions of suitable nonlinear problems to correctly
represent the different invariant sets; we develop the details for each type of invariant set in this work. In
practice, the choice of the expansion basis (¢r,),,cya is of course also crucial, as it determines the number
N of coefficients required to obtain a good enough approximation. For the rest of this discussion, we
assume for simplicity that p is one-dimensional.

If f is analytic with respect to p, then we can expect X to also be analytic as a function of p,
at least around values of p that are not bifurcation values. Therefore, in many cases one could think
about writing X as a Taylor series by taking ¢, (p) = p™. However, it is well known in approximation
theory that faster convergence can be achieved by considering instead Chebyshev series or Legendre
series (i.e. taking ¢, (p) = T,.(p) or ¢n(p) = L, (p), where T,, and L,, respectively denote Cheybshev and
Legendre orthogonal polynomials), mainly because these expansions are less sensitive to potential poles
of X in the complex plane; see e.g. [38]. Chebyshev or Legendre expansions also have the advantage of
being convergent even when X is only of class C¥, where the coefficients X,, decay at an algebraic rate,
rather than geometric in the analytic case. If p is deterministic, then looking at the decay rates of the
coefficients X, is a relevant benchmark, because it is related to the error in C°-norm. For instance, if
X" is the truncated series given by

N
XN(p) = Z Xndn(p),
n=0

then for a Taylor expansion, a Chebyshev expansion or a Legendre expansion alike one has

sup [ X(p) = XN(p)|| < D 1Xal,
pe[-1.1] n=N+1

because for each of these choices one has sup,¢(_q y) |¢n (p)| < 1. However, when p = p(w) is a random
variable, one is more interested in controlling different quantities such as

[E(X(p) —E(XN®)|| or  [[V(X@) -V W)

where V denotes the variance. To minimize the error in the moments, the choice of the expansion is
critical not only because it influences the decay of the coefficients, but also because the ¢, themselves
appear in the error term. For instance, one has

o0

B (X(0) -EXY®)][ < D Xl [E(6n(p)]-

n=N+1

Therefore, two different expansions leading to the same decay of the coefficients may not lead to an error
of the same order for the expectation or of the variance. Of course, one could change these weights
|E (¢n(p))| by rescaling the ¢,,, but this only shifts the problem because the rescaling would then affect
the decay of the coefficients.

In this work, we use the PC paradigm to minimize such quantities, by choosing an expansion basis
¢, that is adapted to the distribution of the noisy parameter p. PC expansions have become a very
important tool in uncertainty quantification in the last decades, and a review of its many applications



is far beyond the scope of the present work. We instead refer the interested reader to the survey [48]
and the book [27]. Let us mention that, while a geometric dynamical systems study of random invariant
sets using PC appears to be new, some specific cases have already be investigated. For instance, elliptic
equations with random parameters have been studied extensively using PC (see e.g. [50]), and they can be
seen as steady-state problems associated to parabolic equations. Eigenvalue problems [16], and periodic
orbits [28, 36] have also been considered. In this work, we consider more complicated invariant sets
such as stable/unstable manifolds and connecting orbits, and also propose a new strategy for computing
periodic orbits with PC (see Sections 4.1 and 6.1).

The paper is structured as follows. First, we review the PC methodology in Section 2. Next, we
discuss expectation and observables of random sets in Section 3, in order to put in perspective the
study of random invariant sets that we conduct in the rest of the paper. In Section 4 we introduce
some classical techniques to numerically study periodic orbits, invariant manifold and connecting orbits
of deterministic ODEs. Then we proceed to the main contributions of our work. We explain, how to
combine the numerical study of invariant sets with PC expansions to study the dynamics of nonlinear
RODEs. In Section 5 we focus on a relatively simple example, where many quantities can also be
computed analytically, which allows us to benchmark our numerical computations in the context of
steady states. Yet, we also go beyond explicit structures and compute the distribution of stable/unstable
manifolds using the “parameterization method” in combination with PC. Furthermore, we explain the
implications of the random structure of the invariant sets and how to gain information from the moments
of the invariants sets very efficiently. In Section 6 we then turn our attention to another example, where
analytic computations are no longer available, and showcase the potential of our approach on the Lorenz
system. For this system, we compute periodic orbits using a combined Fourier and PC ansatz, we compute
again invariant stable/unstable manifolds, as well as heteroclinic connections.

The Matlab code associated to this work can be found at [2]. The computation of connecting orbits
via Chebyshev series (see Sections 4.3 and 6.2), makes use of the Chebfun package [10].

2 A quick review on PC

Let p: R — R be probability distribution function (PDF) having finite moments, i.e.
/s"p(s) ds < o0 VneN.
R

Given normalization constants (h,),,cy, hn > 0 for all n € N, there exists a unique family of orthogonal
polynomials (¢,,),, cy associated to the weight p, i.e. satisfying

<¢n1=¢nz>p = /Rﬁbm(s)¢n2 (3)/)(3) ds = hp,0ny ns» vV ni,ne €N

The most classical examples are:

e The Hermite polynomials H,,, which correspond to p(s) \/%e_% and h, = n!;

e The Laguerre polynomials L,,, which correspond to p(s) = Lo, +o0)e™° and h, = 1;

(1—5)*(1+s)"
—1,1) 2aFFFTB(a+1,8+1)

is the Euler beta function.

e The Jacobi polynomials P,?”B, a, > —1, which correspond to p(s) = Tee and

h — B(n+a+1l,n+p+1) L(z)C(y)
n ™ (2n+a+p+1)B(a+1,6+1)B(n+1,n+a+p+1)° T'(z+y)

where B(z,y) =

Within the class of the Jacobi polynomials, we list a few remarkable cases (sometimes having different
normalizations) that we make use of in this work:

_ 1

e The Legendre polynomials P,,, which correspond to p(s) = %]136(7171) and hy, = 5573



e The Chebyshev polynomials of the first kind 7,,, which correspond to p(s) = llse(_m)ﬁ and
ho =1, hn:%,fornZL

e The Chebyshev polynomials of the second kind U,,, which correspond to p(s) = ]lse(_m)%\/l — 52
and h,, = 1;

o The Gegenbauer or ultraspherical polynomials C¥, 1 > —%, w1 # 0, which correspond to p(s) =

2pu—1
Lag(o1y 2P0 (1 — 62)u=% and hy, = ;omdsr—ses.

For a more complete description of PC choices and their relations to the Askey scheme, see [49].

Remark 2.1. In this work, we only consider parameters having a PDF with bounded support. Indeed, in
most applications these parameters have a physical meaning, for instance they could represent a quantity
which must always be nonnegative, and having PDF with unbounded supports like Gaussian would mean
that said parameters would be negative with a positive probability, which is not realistic. However, many
sources of uncertainties are still expected to have a Gaussian-like behavior, in the sense that their PDF
should be concentrated around a point. In that case, a good compromise is to use Beta distributions,
which are the weights associated to the Gegenbauer polynomials and provide good bounded approrimations
of Gaussian distributions, at least for small variances (see e.g. [46], or the comparison on Figure 1).
Another widely used option is to use truncated Gaussian distributions.

o=10.2 o=20.1 o= 0.05
2.5 " 4.5 8
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Figure 1: Comparison between the Gaussian probability distribution p(s) = o 127T exp(—%)7 in blue,

and the symmetric Gamma probability distribution p(s) = 156(—171)w(1 — $%)F~2 in red, for

several values of o, and with yu = % (1 + %)

We recall that if p has compact support, or decays at least exponentially fast at infinity (see e.g. [12]),
then (¢n),cy is a Hilbert basis of L?(pds), i.e. any measurable function g such that

/gQ(s)p(s) ds < oo,
R
admits a unique series expansion of the form

9= Z GnPns

neN



where the series converges in L?(pds).

Now, assume that the noisy parameter p = p(w) (still assumed to be one dimensional for the moment)
has a PDF given by p. The PC paradigm then tells us that we should use the orthogonal polynomials
associated to p as a basis for the expansion (2) of X (p). Notice that with such a choice, the coefficients
X, of the expansion directly provide us with the mean and variance of X (p). Indeed, by orthogonality
(and assuming h,, = 1 for simplicity) we have

E(X(p) = > XuE (¢n(p)) = Y Xn(bn, 1), = X0,
n=0

n=0

and similarly

V(X(p)=E(XP?) -EXP) =Y XuXn(bm on)p— X3 =D X2

m=0n=0 n=1

If p = (pM,. .. ,p(d)) consists of several independent random variables, each with respective PDF p),
j=1,...,d, one can consider the PC basis (¢,), s constructed as a tensor product of the univariate
bases. That is, for all n = (ny,...,ng) € N? and all s = (s1,...,54) € RY,

d
dn(s) == [T 6% (s)),
j=1

where (¢$ij))njeN is a basis of orthogonal polynomials associated to the weight p(). In practice, there
are several ways to compute the coefficients X,, of a PC expansion (2). Notice that directly using the

orthogonality relations to get
1
= E <X7 ¢H>P’

is usually not one of them, as X is not known a-priori but is actually what we want to compute via the
PC expansion. To formalize the discussion, assume that the quantity of interest X (p) € R™ for which
we want to find a PC expansion, solves a problem depending on a parameter p € R?, of the form

Xn

where F : R™ x R% — R™.

Remark 2.2. In the sequel, the invariant object that we will be studying is sometimes infinite dimen-
stonal (a periodic orbit, an invariant manifold, a connecting orbit...). In that case, X (p) will be a well
chosen representation of that object, living in a Banach space, and for which we will compute a finite
dimensional approximation. As an example, if we look for a periodic orbit, X (p) will be a sequence of
Fourier coefficients (and a frequency), and in practice we compute the PC expansion of a finite number
a such coefficients. We refer to Section 8 for a broader discussion about random sets, and to Section 4
for more details on the implementation.

One common way to find the coefficients X, is to solve the system obtained by Galerkin projection:
o0
<F (Z Xm(bm(p),p) ,¢>m(p)> =0 VmeN (3)
n1=0
P
Of course, in practice one only solves for a truncated expansion

N
XN (p) = Z Xy &ny (D),

n1=0



by considering a finite-dimensional projection of associated dimension, i.e. V ng < N in (3). This is
the technique we make use of in this work. Another possible option is to use a collocation/interpolation
approach [47]. This technique is based on first solving the deterministic problem several times for a well
chosen sample of parameter values (p;);<,<;, i.e. computing X (p;) that solves

F(X(pi),pi) =0, Vi<i<lI.

The polynomial chaos coefficients X, are then constructed by interpolation:

I

Xn =Y X(pi)én(pi)eui,

i=1

where «; are weights associated to the interpolation points p; in such a way that, for any smooth function
g

1
> gt~ [ a(s)ols) s

where p is the PDF of p. For a detailed discussion of these two approaches and their respective merits
and limitations, we refer to the survey [48], the book [27] and the references therein. In practice, after
an accurate PC approximation

N
XN(p) = Z Xn¢n(p)
n=0

of X has been computed, we can then do Monte Carlo simulations for a very large sample of values of
p. Indeed, instead of having to solve the deterministic problem F(X (p;),p;) = 0 for each value p; of the
sample, we only have to evaluate ¢, (p;) to obtain X (p;) ~ X (p;).

3 About random sets

In this work we focus on invariant sets of RODEs, and therefore we have to deal with families of points,
curves and higher-dimensional manifolds, parameterized by random parameters. While it is straightfor-
ward to define what the expectation of a random equilibrium point living in R? is, the same cannot be
said about infinite dimensional objects like random curves, or more general random invariant sets.

In particular, when dealing with infinite dimensional objects depending on random parameters, one
has to be mindful of the fact that the X (p) that we look for in practice is actually a parameterization
of that object in some function space. For instance, if we look for a random family of curves in R¢, the
X (p) that we compute in practice is an element of (say) C° ([0, 1],Rd), and the curves themselves are
the images X (p)([0,1]). This distinction is actually crucial, because while it is not a problem to define
the expectation of the random variable X with values in C° ([O, 1},]1%‘1), the link between this expectation
in function space and the random family of curves that we are considering is not so straightforward.
In particular, there is no unique way to parametrize a family of curves, and different parameterizations
can give different expectations! As an easy example, one can consider a random variable p uniformly
distributed in the interval [1,2], and the random family of half-parabola y = pz?, > 0. Such curves can
be parametrized in many different ways, for instance via

X(p,t) = (pi2)7 t>0 or Y(p,t) = (\}5\/%> , t>0.

We then have that

p

ECC0n0) = (g



—2
which respectively correspond to the half-parabola y = E(p)z?, * > 0, and y = E (%) 22,z > 0.

2
should be equal (indeed in our example they are respectively

~ 1
There is no reason why E(p) and E (ﬁ)

equal to % and %“‘ﬁ), and thus the expectation of each parameterization yields a different curve.

This does not mean that computing a parameterization of a random invariant set is useless, but only
than one has to be careful when interpreting it. Indeed, we believe that a better adapted view-point
is the one of observables. Here we think of an observable as being a scalar random variable which can
be computed from the parameterization X (p), that is intrinsic to the random object, or at least to its
representation in some coordinate system. For instance, given a family of periodic orbits, their period is
an observable (that is actually immediately accessible with the way we compute periodic orbits with PC,
see Section 6.1). When looking at a family of stable/unstable manifolds, another example of observable
would be their curvature at the equilibrium. In Sections 5 and 6 we give several examples of such
observables, whose PC expansion can be computed as nonlinear functions of the PC expansion of X.

Let us also reiterate that, once the PC expansion of X has been computed, we can also easily compute
many samples of the invariant set for different realizations of p, and therefore use Monte-Carlo simulations
to answer questions such as: What is the probability that the first coordinate of this random limit cycle
(which could correspond to an electric potential for instance), crosses a given threshold value?

In Section 7, we also provide an outlook on future problems regarding the computation of observables
to capture the dynamics of random differential equations. Furthermore, we are briefly going to outline
additional challenges arising in the computation of the expectation of random sets/manifolds.

4 Computation of periodic orbits, invariant manifolds and con-
necting orbits

In this section, we review some classical techniques to numerically study periodic orbits, invariant mani-
folds and connecting orbits of deterministic ODEs. An exhaustive review of these techniques is far beyond
the scope of this work, and we only focus on one technique for each case, although alternative methods
could certainly also be used; see e.g. [21] for a comparison of methods for computing stable/unstable
manifolds. All the techniques presented here are based on series expansions, and this choice is motivated
by two main reasons. The first and most important one is that series expansions can easily and efficiently
be combined with PC expansions, once we go to the stochastic setting. This is particularly relevant for
limit cycles, and is to be contrasted with more classical long-term integration approaches, for which PC
expansions are known to be ill-behaved. The second one is that series expansions are particularly well
suited for a-posteriori validation techniques [42], which we plan on developing in this context in a future
work. In each case, we explain how an extra layer of PC expansion can be added, to keep track of the
stochastic nature of the parameters. Illustrations for all these methods are presented in Section 5 and
Section 6.

4.1 Periodic orbits via Fourier series

We start by considering the parameter dependent problem (1) from a deterministic point of view. Limit
cycles of (1) can be efficiently studied and computed using Fourier series. That is, for a fixed p, we write
a T'(p)-periodic solution t — X (t,p) of (1) as

X(t,p) =Y Xi(p)e* @', Xy(p) € C™, X 4(p) = Xi(p), Qp) €R, (4)
kEZ

where Q(p) = 27/T'(p). To find numerically a periodic orbit, we thus solve for the coefficients Xy (p) and
Q(p), which satisfy the system obtained by plugging (4) into (1), namely

kQ(p) Xk (p) = fe(X(t,p).p)  VEELZ, (5)



where fi(X(¢,p),p) are the Fourier coefficients of t — f(X (¢, p),p).

Remark 4.1. In practice, it is helpful to complement the above system, with a phase condition. For
simplicity we choose to fix a section through which the solution has to pass at time 0, but other options
are available [26]. More precisely, we add a scalar equation of the form

(X(0,p) —u(p)) - v(p) = 0,

where u(p) is some (approzimate) point on the orbit, v(p) ~ f(u(p)), and we use the dot product to denote
the scalar product on R™ (and avoid potential confusion with the L*(p) scalar product {,),). The phase
condition allows to isolate the solution by eliminating time-shifts, which makes the system easier to solve
in practice, especially using iterative methods. Indeed, if t — X (¢t,p) is a periodic orbit of (1), then so
is any function of the form t — X (t + 7,p), but there is (locally) only one T that also satisfies the phase
condition.

This approach of solving for the Fourier coefficients and the frequency has several advantages, com-
pared to numerically integrating (1) and trying to find an (approximately) closed orbit. Indeed, the
approach is not sensitive to the linear stability or instability of the limit cycle, and is therefore not sus-
ceptible to diverging if one tries to approximate an unstable periodic orbit, which is a definitive concern
for time-integration based techniques. We illustrate this point in Section 6 by computing unstable limit
cycles belonging to the chaotic attractor of the Lorenz system. The Fourier series approach is also par-
ticularly well adapted to continuation algorithms, especially to compute limit cycles originating from a
Hopf bifurcation, where the linearized analysis can predict the first Fourier coefficient and the frequency.

If we now consider that p is random and has a given PDF p,, it is natural to still consider a Fourier
ansatz [30]. It is straightforward to extend the Fourier series approach by expanding each Fourier coeffi-
cient, together with the frequency, with PC. Namely, write

Xi(p) =Y Xinda(p) and Qp) =D Quén(p),

nez neN

or equivalently

X(tp) = Xpntn(p)eH®). (6)

k€ZneN

In practice, we of course consider truncated expansions

N N
X,év(p) = Z Xk,n¢n(p) and Q(p) = Z Qn¢n(p)
n=0 n=0

for which we solve using (5). Each X} now belongs to R™¥ instead of R™, and Q2 belongs to RY instead
of R. An explicit example of such system together with numerical solutions is given in Section 6. In
this setting, the Fourier series approach also has the notable advantage of separating the random period
(or equivalently the random frequency €(p)), from the description of the random cycle given by the
coefficients X (p). In particular, we avoid the usual pitfalls related to phase-drift and broadening of the
spectrum, which are the main reasons why limit cycles are hard to compute using PC combined with
time integration [9]. A similar idea was introduced in [28, 36], where a random time rescaling is used
to compensate for the random period, which significantly improves the long time behavior of the PC
expansions and allows to better capture stable limit cycles. Yet a Fourier series approach accomplishes
that naturally, and can also be used to study unstable limit cycles.

4.2 Local invariant manifolds via Taylor series and the parameterization
method

We again start by considering the parameter dependent problem (1) from a deterministic point of view,
but now focus on studying local stable and unstable manifolds attached to equilibrium points. In this



section we only discuss the case of stable manifolds, but unstable manifolds can of course be studied with
the same techniques. Let X(p) be an equilibrium point of (1), i.e. f(X'(p),p) = 0, and assume that the
derivative Dxf(X(p),p) has exactly ms < m eigenvalues A(V)(p), ..., \(") (p) with negative real part. For
simplicity, we also assume that each of these eigenvalues is simple, and denote by v(l)(p)7 . ,v(ms)(p)
associated eigenvectors. Our goal is to find a parameterization Q(p) : R™= — R™ of the local stable
manifold of X (p). We look for a power series representation of Q:

61 1(:)(]3)
QUO.p) = > Qup*, 6= : | €R™, Qulp)= : €R™, (7)
|k[=0 Orm., inm)(P)
with the classical multi-indexes notations |k| = k; + -+ + ky,,, and AG’“ = ~-~9:€Y{ZS. Since we want
6 — Q(0,p) to be a parameterization of the local stable manifold of X (p), we must have
Qo(p) =X(p) and  Qc(p) =% (p), V1<i<m, (8)

where ~; are scaling that can be adjusted. To obtain the higher order terms, we follow the idea of
the parameterization method, introduced in [4, 5, 6] (see also the recent book [19]). We want to ob-
tain a parameterization that conjugates the dynamics on the stable manifold with the stable dynamics
of the linearized system. More precisely, introducing the diagonal matrix A(p) with diagonal entries
XD (p), ..., A" (p), we want p to satisfy (see Figure 2)

et Q(0,0) = Q" P'0,p), V|10l <1, VE20, (9)
where ¢, is the flow generated by the vector field f(-,p) and [|0]| < 1 = maxi<j<m, |0;].
ep(t,)
—
Q(ea p Q(Oa D
R™ R™

Q('ap)T IQ(’p)

O D
NN

Figure 2: Schematic illustration of the parameterization method. We want the parameterization @ to
conjugate the nonlinear flow ¢, to the linearized flow generated by A(p) on the stable subspace.

Remark 4.2. If some of the stable eigenvalues are complex conjugate, say AL = @ AC-D) -
X2 it is more convenient to first look for a complex valued parameterization Q with Q € C™, and then
recover a real valued parameterization via

Qreal(evp) = Q(01 + 1623 61 - 1927 ) 927"—1 + 1927’7 027’—1 - i927"7 92r+17 e 79msap)a
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see e.g. [41].

Finding a parameterization @ satisfying (9) is interesting because it provides us with not only a
local stable manifold but also an explicit description of the dynamics on this manifold. However, the
formulation (9) is not the most convenient one to work with in order to determine the higher order
coefficients of @, because it involves the flow. To get rid of it, one can take a time derivative of (9) and
evaluate at ¢t = 0, to obtain the following invariance equation

f(Q(0,p),p) = DeQ(0,p)A(p)0, v [|0]l, < 1. (10)

One can check that, if @ solves (10) and is such that Q(0,p) = X(p), then @ satisfies (9), therefore
Q(-,p) is indeed a parameterization of the local unstable manifold of X (p). The invariance equation (10)
is the one we are going to use to numerically find the coefficients Q. Plugging the expansion (7) in the
invariance equation (10), we obtain

> (Q0,p), )" = D (\p) - k)Qr(p)6*, (11)

|k[=0 |k[=0

where fr(Q(6,p),p) are the Taylor coefficients of 8 +— f(Q(6,p),p) and A(p) - k = XD (p)ky + ... +
Am4) (p)E,,.. Therefore the coefficients @ must satisfy

(Alp) - k)Qr(p) = fr(Q(O,p),p),  Vke&N™-. (12)

Notice that (8) already ensures that (12) is satisfied for |k| < 1. In order to solve (12) for |k| > 2, let us
first describe how fi(Q(6,p),p) depends on Q(p). Given a Taylor series of the form (7), we define for
all K € N the truncated series

kQOp) = Y Qi(p)*.

0<|k|<K

Notice also that, for any & € N™=, fi.(Q(0,p),p) = fr(mxQ(0,p),p). Besides, using a Taylor expansion
of f in the z variable, we have for all kK € N™=\ {0}

LY, awep)=r >, Q@+ > Qmd.p

0<|UI<[K] 0< U< k|1 l1I=Ik]

=f| > @wdp|+ D Duf| D Q. p|Qmd

0<|I|< k| -1 |H=|k| 0<|jI<[k|-1

+ higher order terms,

and looking at the coefficient of degree k on each side we get

f1(Q(0,p),p) = fi(m1Q(0,0),p) = fi(mk)-1Q(0, ), p) + Da f(Qo(p), p)Qr(p)-

Therefore, assuming (8), having (12) for all |k| > 2 is equivalent to having

(@) ) = Dot (X)) Qulp) = fielmp 1 QO p).p), ¥ [kl = 2 (13)
Assuming the following non-resonance condition is satisfied:
Ap)-k#XD(p)  VI]k>2, V1i<i<r,

we see that (13) has a unique solution that can be computed recursively via
. -1
Q) = (M) - K) = Dof (X()1))  Selmp1QO.0)p) Y [k] =2, (14)
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since the right-hand side only depends on Q;(p) for |I| < |k|. We can therefore compute a truncated
parameterization mx @ of arbitrary order, starting from (8) and then computing (14) recursively for k
as large as desired. In practice, the weights +; in (8) are chosen in order to obtain a reasonable decay
of the coefficients Q(p) (we refer to [3] for a detailed explanation of how this choice can be optimized).
Explicit examples are presented in Sections 5 and 6.

Remark 4.3. In cases where resonant eigenvalues are present, a similar approach can still be used, but
the conjugacy condition (9) defining Q has to be adapted [41].

If we now consider that p is random and has a given PDF p,,, this approach based on the parameter-
ization method can also be easily generalized by adding a layer of PC expansion. Namely, we write

|k|>0n€EN

or equivalently

Qr(p) = Qrndn(p).

neN

In practice we consider a truncation

N
Qllgv(p) = Z Qk,7z¢n(p)7
n=0
which we compute via

QY0) = (W) 8 D fEVW)0) el @O0 YIH 2, (15)

where, compared to (14), Q¥ (p) is now a vector of size mN rather than m, and

() &) = Dof (XY (). ))

can be interpreted as a block matrix, with m xm blocks having each size N x N. For explicit computations
we again refer to Sections 5 and 6.

4.3 Heteroclinic orbits via Chebyshev series and projected boundaries

We go back to considering the parameter dependent problem (1) from a deterministic point of view, and
extend the discussion of the previous subsection by looking at more global solutions, namely connecting
orbits between equilibrium points.

Let X (p) and X (p) be two equilibrium points of (1). Assume that X (p) has an unstable manifold of
dimension 7 and that X(p) has a stable manifold of dimension 7, such that 7 + 7 = m + 1. Then, if the
two manifolds intersect, we can generically expect this intersection to be transverse in the phase space
R™, in which case there exists a transverse heteroclinic orbit between X (p) and X (p). We recall that a
heteroclinic orbit between X (p) and X (p) (or homoclinc orbit if X (p) = X(p)) is a solution ¢ — x(t, p)
of (1) such that

Jim (¢, p) = X(p) and (t,p) = X(p).

lim =«
t—+oo
In this work, we compute such solution by solving a boundary value problem [1] between the unstable

manifold of X (p) and the stable manifold of X (p), for which we first compute local parameterization as
in Section 4.2. This allows us to only solve (1) on a finite time interval, and recover the remaining parts

12



of the orbit via the conjugacy satisfied by the parameterizations. More precisely, we want to find an orbit
t — X(t,p) such that

X(t,p) = f(X(t,p),p) Vte[0,7(p)]
X(0,p) € WH(X(p)) (16)
X(7(p),p) € W*(X(p)),

where W (X (p)) and W3 (X (p)) respectively denote the unstable manifold of X (p) and the stable manifold
of X (p). Note that, since we only consider autonomous vector fields in this work, only the length 7(p)
of the time interval [0,7(p)] is relevant, and the whole interval itself could of course be shifted. To
numerically compute such an orbit, we use piece-wise Chebyshev series (see e.g. [11, 40]). In order to do
so, we first introduce some notations.

For k € N, we denote by T} the Chebyshev polynomial of order k, defined for instance by T (cos(6)) =
cos(kf). We introduce a partition 0 = £© < {1 < ... < (/) = 1 of [0,1]. We denote by 7(p) the
(unknown) time the orbit spends between the two local manifolds and consider the partition of [0, 7(p)]
given by 0 =t (p) < tW(p) < ... < tV)(p) = 7(p), where tU)(p) = 7(p)tV) for all 1 < j < J. For all
keNand j=1,...,J, we also introduce the rescaled Chebyshev polynomial T,gj )(p), defined as

; 2% — t(j)(p) — t(j_l)(p)
Tt p) = T ( @) (p) — =1 (p) ) '

We can then write the orbit between the two manifolds as
X(t,p) = XY () + QZX“ T (tp), Vte (V) D), Vie{l,....J} (7

Finally, we assume that, following the methodology presented in Section 4.2, a truncated parameterization
Q(p) of the local unstable manifold of X (p) as well as a truncated parameterization Q(p) of the local
stable manifold of X (p) have been computed. Rewriting the differential equation in (16) as an integral
one, plugging in the expansion (17) and using well known properties of the Chebyshev polynomials,

namely
1/T T,
= —1) = (=1)* e
we obtain
) 1D -0 ) () ,
kX, (p) = (p) 1 (fk_l(X(t,p)m) feia (X(@, )p)), VE>1,V1<j<J
X(()J)(p) + QZXIEj)(p) X(J+1)(p) + 2Z:(_l)kxlgjﬁrl)(p)7 Vi<j<M-1
k=1 k=1
- (18)
1 1 NA
X )+ 2> ()R (p) = Qb(p). p)
k=1
XM ) +23" x(p) = Q(p), p),
k=1

where f,gj)(X(t,p),p) are the Chebyshev coefficients of t +— f(X(t,p),p) on (tU=Y(p),t0)(p)). The
first line in (18) corresponds to the differential equation X(t,p) = f(X(t,p),p) on each subinterval
(tU=1(p),tU)(p)), the second line ensures that the solution connects continuously between two consecutive
subintervals, and the last two lines correspond to the boundary conditions on each manifold.

Remark 4.4. In (18), besides the unknown Chebyshev coefficients X,gj)(p), we have 7+ 7+ 1 additional

scalar unknowns: 7(p) € R, 0(p) € R" and 6(p) € R”. Still assuming # + 7 = m + 1, the system is then
underdetermined and we can fix two of these m + 2 parameters to recover a unique solution.
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Similarly to the two previous cases of Fourier and Taylor series, when we consider p as a random
parameter having a given distribution we only need to expand every unknown in (18) using PC. We
again refer to Section 6 for an explicit example.

5 First example: a Lotka-Volterra system

In this section, we compute steady states and invariant manifolds of a Lotka-Volterra system of compe-
tition type

j=(1—y—ba)y, (19)

{:'E: (1—z—ay)z,

where b = b(w) is a bounded random variable having a given distribution. This basic example allows us
to easily study the quality of our numerical computations by comparing them to analytic results.

5.1 Analytical results (for benchmarking)
5.1.1 Deterministic framework

Assuming ab # 1, system (19) has a non trivial equilibrium given by
(@ )= a—1 b—-1
carded) =\ 1 ab—1)
The ecigenvalues of the Jacobian D f(Zeq, Yeq) are
—1)(b—-1
AL = and A2 = w. (20)

and associated eigenvectors are given by

Via) = (Z_ i) and Vi = (ab> . (21)

In the case a,b > 1, A(?) is positive and the equilibrium is of saddle type. Its stable manifold is the line
y = 2=z, 2 > 0 and its unstable manifold is a (nonlinear) curve connecting to (0,1) and (1,0).

5.1.2 Stochastic framework
We now assume that the parameter b = b(w) is a bounded random variable. We write

b(w) = b+ op(w),

where ¢ > 0 and p is a random variable taking values in [—1,1]. We assume ab # 1 and o < ‘@‘,

so that ab(w) — 1 # 0 a.e.. For specific distributions of p, one can compute analytically the first two
moments of xeq = ;T_—lf

e If p is uniformly distributed on [—1,1], that is if its PDF is given by p,(s) = $1,¢(_1,1), one has

a— ao (a—1)2
E(2eq) = tanh [ — d E(22)=-— :
(Teq) atan (ab - 1) an Yl Ay P
e Ifpis beta-distributed with parameters (—, —3), that is if its PDF is given by p,(s) = Lse(—1,1) ﬁ,
one has
2
a—1 1 9 a—1 1
E(xeq) = and E(‘req) = (ab _ 1> 3 -

ab—1 o 2
1- (a?)—l)
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e If pis beta-distributed with parameters (%, %), that is if its PDF is given by p,(s) = Tse(—1,1) %\/ 1—s2,
one has

ed ab—1

- ab—1 ac 2 ac 2 ac 2
1+4/1— (aE—l) (aé—l) 1= (aE—l)

In order to focus the amount of comparisons and illustrations in the next section, we only consider
the first component x¢q of the equilibrium, but similar analytical and numerical computations could of
course also be carried out for yeq.

E(2oq) = 21 2 and  E(z? 2<1_ 1(QZ"1)2><&1>2.

5.2 Numerical results

In this section, we compute using PC the equilibrium (Zeq, Yeq) and its stable and unstable manifold. For
given a, b and o, we use the techniques presented in Section 4 on

fl@y),p)=(1—z—ay)z, 1—y—(b+op)x)y), (22)

where for convenience we use (x,y) instead of (z1,x2).

5.2.1 Analysis of convergence for the steady state problem

We first solve, for various choices of expansions, the steady state problem f(x(p),y(p),p) = 0, and
analyze how the choice of expansion together with the distribution of p affect the convergence rates.
More precisely, for a given expansion basis ¢,, and truncation level N, we look for coefficients (2,,)q<,« y
and (Yn)g<n<n Such that

where

Np)= D wagalp)  and  yN(p)= D ynta(p).

0<n<N 0<n<N

By taking the scalar product with respect to each ¢,, 0 <n < N, we obtain the following system

{xn—(x*x)n—a(m*?/)nzo Y0<n<N. (23)

Yn — (Y *Y)n —byn —o(prxxy), =0

Here * denotes the product associated to the basis ¢y, i.e. (2 *y)o<n<an—1 is the unique sequence such

that
o) = Y. (@ry)asa(p)-

0<n<2N-1

If ¢,, is chosen so that ¢1(p) = p, which will often be the case in practice, then the expansion of p only
has a single non-zero coefficient: p,, = 9, 1.

Remark 5.1. We emphasize that * of course depends on the choice of the basis ¢,. We refer to the
Appendiz for more details about this product structure, and discussions on how it can be computed in
practice.

We solve (23) using Newton’s method, and the initial conditions given by the deterministic equilib-
rium, i.e., for 0 = 0 so that
a—1 b—1

ab—1’ yozal;—l

To = and Tp=0,y,=0 V1<n<N.
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The results for different choices of basis ¢, are presented in Figure 3. To make the comparison fair,
we consider rescaled version of the Chebyshev polynomials of the second kind and of the Gegenbauer
polynomials (see the Appendix), so that all ¢, used satisfy sup,e;_1 1) |¢n(s)| = 1. The decay of the
coefficients is therefore indicative of the truncation error in C°-norm. As expected, the Chebyshev and
Legendre expansions converge faster than the Taylor expansions, with the Gegenbauer one lying some-
where in between. As mentioned previously, we focus here only on the first component x, but the same
behavior is observed for the second component y.

10° 10° 10°%,.,
. Se
. 'y : . ...'...'l'
[] . H .::...
108 . 10% T3 P, 10 My, e
|‘/Z:IL‘ : ‘Irb‘ M 3 ' H s, |xn| ‘.c" .
. * o .
1010 1010 . ‘e 10710 CH
- L4 .
.
1015 101% 107°
0 4 5 10 15 0 10 20 30
n n n
(a) o =0.1 (byo=1 (¢)oc=3

Figure 3: We represent the absolute value of the coefficients x,, solving (23) with respect to n. The
computations were done for a = 3, b = 5 and ¢ = 0.1 for Figure 3a, 0 = 1 for Figure 3b and ¢ = 3
for Figure 3c. In each case, the coefficients are computed for different expansions: Chebyshev of the
first kind in blue, Legendre in cyan, Chebyshev of the second kind (rescaled) in green, Gegenbauer with
i =20 (rescaled) in magenta and Taylor in red.

However, as mentioned in the introduction, we are more interested in understanding the distribution
of the solution, assuming p has a prescribed distribution in [—1,1]. In Figure 4 and Figure 5 we display
the relative error for the first two moments

o [EG) ~EE () E(e(p)?) - E@™ (p)?)|
EmN) = RG] B

depending on the truncation level IV, for several PDF p, of p and again for several expansions.

The limiting moments E(x(p)) and E(z(p)?) are computed analytically when possible (see Sec-
tion 5.1.2) and using numerical integration otherwise. The truncated moments E(z¥ (p)) and E(x (p)?)
are computed from the coeflicients of the expansion

and Erra(NV) =

N-1

NV = Z Ty P -

n=0

If ¢,, is the orthogonal basis associated to the distribution p,, then as explained in Section 2

N-1
BaV@) =w0  and  E@VEP) = Y a2
n=0

Otherwise, we have

2N -2

N-1 1 1
BV () = 3 o [ oaoppo)ds and B@V(0) = 3 (wro), [ anls)als)ds,
n=0 -1 n=0 -1

and we first compute the above integrals to obtain the truncated moments. As expected from the
paradigm of PC, we obtain faster convergence for these statistics when using the PC expansions associated
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N

(a) pp(s) = 3Lse(-1,1)
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N
2p—1
= 2./1 =52 (d) pp(s) = 156(—1,1)%(1 —82)‘“7%, with p =
() pp(s) = Lse(-1,1) 1-s

20

Figure 4: Relative error for the first moment in function of the truncation level IV, for several distributions
pp of the parameter p. In each case, we take a = 3, b =15, 0 =1, and use several expansions which are
represented in different colors: Chebyshev of the first kind in blue, Legendre in cyan, Chebyshev of the
second kind in green, Gegenbauer with ;= 20 in magenta and Taylor in red.

to the distribution p, of the parameter p, i.e., a family of polynomial ¢,, orthogonal with respect to (-, -) Py
In particular, if p has a uniform distribution then the Legendre expansion converges the fastest (Figure 4a
and Figure 5a), if p has an arcsine distribution then the Chebyshev expansion of the first kind converges
the fastest (Figure 4b and Figure 5b), if p has a Wigner semicircle distribution then the Chebyshev
expansion of the second kind converges the fastest (Figure 4c and Figure 5¢) and finally if p has a beta
distribution of parameter (20,20) then the Gegenbauer expansion of parameter p = 20 converges the
fastest (Figure 4d and Figure 5d).

Remark 5.2. These simple experiments confirm that it is in general a good option to choose the expansion
basis associated to the distribution of the parameter, and we will systematically do so in the sequel.
Nonetheless, we believe that in some cases, especially highly nonlinear ones, the cost of actually computing
the nonlinear terms should also be taken into account (see the discussion in Section 8.3).
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Figure 5: Relative error for the second moment in function of the truncation level IV, for several distribu-
tions p, of the parameter p. In each case, we take a = 3, b=5, 0 =1, and use several expansions which
are represented in different colors: Chebyshev of the first kind in blue, Legendre in cyan, Chebyshev of
the second kind in green, Gegenbauer with p = 20 in magenta and Taylor in red.

5.2.2 Computation of eigenvalues and eigenvectors

Now that we found an accurate representation of the steady state, we turn our attention to the dynamics
around it. Before computing parameterizations of the local stable and unstable manifolds, which will
be done in the next subsection, we first focus on the linearized system around the equilibrium. More
precisely, we are interested in the usual eigenvalue problem

D(s ) f(@(p), y(p), p) <u(p)> — A\(p) (583) _

u(p)® +v(p)* =1,

(24)

where (z(p),y(p)) is the previously computed equilibrium, and we solve for u(p), v(p) and A(p), the last
equation being a normalization of the eigenvector allowing us to have a (locally) unique solution. In the
previous subsection we obtained truncated expansions z”V and y” of the equilibrium, and we now aim at
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doing the same for the eigendata. Namely, we write

UN(p): Z Un®n (D), UN(p): Z VUn@n(p) and )‘N<p): Z An®n (D)

0<n<N 0<n<N 0<n<N

and plug these expansions back in (24). For our explicit example (22), this yields the following system
for the coefficients u.,, v, and \,:

w = 2w — aly ) — ol s ) — () =
—blyxu)y, —o(pxy*xu)y, + v, — 2y xv), b(x*v)n—o(p*x*v)n—()\*v)n:O v0<n<N.

(usu)y, + (V*v)y —0po=0

Again we solve this system using Newton’s method and the initial conditions given by numerically ob-
tained eigenvalue and eigenvector for the deterministic problem (20)-(21). We obtain PC expansions for
the eigenvalues A and MA@ and associated eigenvectors Vyu) = (u(l), v(l)) and Vy@ = (U(Q),U(2)>.

From these PC expansions, we can then easily get statistical information about the eigenvalues and
eigenvectors. For instance, as mentioned in the introduction, once the PC coefficients have been computed,
we immediately get the mean and the variance of the eigenvalue A\. Furthermore, one can carry out Monte
Carlo simulations basically for free (the only cost being the evaluation of the basis polynomials ¢,,, for
0 < n < N, at the sampled values of p). For a given distribution of p, this allows us to numerically
compute the PDF of A (see Figure 6). Regarding the eigenvectors, while we also have access to the
mean and the variance component-wise, these quantities are not the most relevant as they neglect the
correlations between the components. Here we have a simple example where a well chosen observable,
namely the angle defined by the eigenvector, contains most of the information. In practice, we compute
the PC expansion of the angle 1 via the formula

(D)

w(l) = 2arctan m,

see Section 8.2 for more details. Once the PC expansion of this observable has been computed, we
again have directly access to its mean and variance, which gives us a good sense of the direction of the
eigenspace (see Figure 7). Since the PC expansion also allows us to compute higher order moments (see
Section 8.2), this coarse description can be made more quantitative by using these moments to obtain
concentration inequalities.

5.2.3 Computation of local stable/unstable manifolds

We are now ready to compute parameterizations of the stable and unstable manifolds of the equilibrium,
as described in Section 4.2. That is, we look for a parameterization of the form

Notice that for our example (22) the phase space is two-dimensional and both the stable and the unstable
manifolds that we are interested in are one-dimensional. Therefore, 8 will be one-dimensional and the

coefficients Qy,», = ( ,(6121, (2)> belong to R2. It will be convenient to use the following notation

Qils Qi
QY =1 and QY =] V0<k<K. (25)
1 2
QN1 QN
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Figure 6: PDF of both eigenvalues, for different distributions p, of the parameter p. The PC coefficients
of A and A were obtained for a = 3, b =5, ¢ = 3, and then used to compute 10,000 samples used to
recover the PDF. Notice that the results are consistent with the analytic computations (20), as the PDF
of XM is supposed to be a Dirac at —1.

According to (8) we define
Zo Yo Ugi) U(()i)
Q(()l) = ) (()2) = ) gl) =7 and Q§2) =7 : ’

IN-1 YN-1 us\i,)fl v%ll

where (z,,),, and (yn),, are the PC coefficients of the equilibrium computed in Section 5.2.1, and (u,(f ))n and

(vﬁf))n are the PC coeflicients of the eigenvectors computed in Section 5.2.2. Observe that ¢ = 1 if we want
to compute a parameterization of the stable manifold (resp. ¢ = 2 for the unstable manifold). To compute
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Figure 7: We display here in solid lines the mean direction of the two eigenspaces (the stable one in blue
and the unstable in red), given by E(x()) for i = 1,2, still for a = 3, b = 5 and ¢ = 3. The dotted lines

have directions given by E(w(i)) + /V(yp®).

the higher order coefficients Qy, 2 < k < K we use (15), which we now specialize to our example (22).
We need to introduce some more notations. Given an expansion basis ¢, and z = (2,)<,,cn € RN, we
denote by M, the N x N product matriz such that B

(M2 )y =(2%%)y VZ€eER", YO<n<NA. (26)

This matrix can be computed explicitly from z and the linearization coefficients « (see the Appendix).
Given an expansion basis ¢,, and double expansions of the form

K-1N-1 K—

NOp) =D D Grantn@)0®  and  ¢FN,
k=0 n=0

we denote by ® the product associated to the basis ¢, (p)6F, that is (¢ ® ¢’
such that

=2

—1

)

M

k=0 0

3
Il

~—

k.n 18 the unique sequence

2K—22N-2

FNOp)dNOp) =D D (@@ )y, oa(p)6F

k=0 n=0
We again refer to the Appendix for more details about this product structure, and discussions on how it
can be computed in practice. Similarly to (25) we write

(¢® q/)k70
(¢®q), = : VO<k<K.
(@®q )k N

We are now ready to go back to (15) and give explicit and computable formulas for the coefficients Qg

k > 2 of the parameterization in the case of our example (22). Assuming the coefficients Ql(l) and Ql@)
have been computed for 0 <1 < k — 1, the next coefficients are given by

-1

i My — (Iy — 2M, — aM,) ol
1(92) — (=M, — oMy, kM — (In —2My — bM, — o M,,,)
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(Q(l) ® Q(l))k —a (Q(l) ® Q(2))k
(R Q(2))k -b(QW @ Q(2))k —oc(p®@QW® Q(2))k

where Iy is the N x N identity matrix and again ¢ = 1 if we are computing a parameterization of the stable
manifold (resp. ¢ = 2 for the unstable manifold). Here p is identified with the sequence py , = k0001
(again assuming the ¢,, are normalized such that ¢;(p) = p).

Once the coefficients Q,(fl) and Q,(f) have been computed up to the desired order, we have access to
the statistical properties of the manifold. Indeed we can for instance carry out cheap sampling to get a
sense of how the manifolds are distributed in phase space (see Figures 8 and 9). We can also compute
another interesting observable, namely the PC expansion of the curvature k of each manifold at the
equilibrium, which gives us a sense of how much the manifold deviates from its tangent space spanned
by the eigenvectors. In practice, we compute the PC expansion of the curvature from the PC expansion
of the parametrization () of the manifold, via the formula

p) = 195Q™M) (0, p)02,Q) (0, p) — 06Q®(0,p)93,Q™(0,p)]
(30Q(0,p)2 + 3,Q(0,p)2)

which is independent of the way we parametrize the curve. However, notice that with our choice of
parameterization, the derivatives with respect to € are readily accessible from the coefficients of Q:

%QV(0,p)= Q"  and  95,QV(0,p) = 205",

As expected, the PC expansion of the curvature Kgqpe that we obtain for the stable manifold is close
to 0 (the stable manifold is a line for all values of p). On Figures 8 and 9, we display the PDF of the
curvature Kypnstaplie Of the unstable manifold, computed from its PC expansion.

)

6 Second example: the Lorenz system

In this section, we compute periodic orbits, invariant manifolds and heteroclinic orbits for the Lorenz
system

T =y —z),
y=o0r—y—1z, (27)
z=—Pz+xy,

where ¢ = p(w) is a bounded random variable having a given distribution. We renormalize it by writing
o(w) = o+ op(w),

where o0 > 0 and p is a random variable taking values in [—1,1].

6.1 Computation of periodic orbits

Using the framework presented in Section 4.1, we compute periodic orbits of (27) via a FourierxPC
expansion. That is, we write

K—-1 N-1

NP = YD wkndn(p)et P,

k=—K+1 n=0

and similarly for "V and 2", where
N—-1
AUp) = on(p).
n=0
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Figure 8: Representations of the local stable (in blue) and unstable (in red) manifolds of the equilibrium
(Teqs Yeq). The computations were done for a = 3, b =5, 0 =3, N =20, K = 10, 73 = 0.2, 72 = 0.4.
The random parameter p is assumed to have an arcsine distribution, i.e. p,(s) = ﬂse(,l,l)ﬁ and
therefore we used the Chebyshev polynomials of the first kind for the PC expansion. In Figure 8a
we display manifolds for several values of p, sampled according to the arcsine distribution. The same
manifolds are represented in Figure 8b with an additional dimension describing the value of b = b+ op
corresponding to each sample. In Figure 8c, we display the PDF of the curvature k,,stapie 0f the unstable
manifold at the equilibrium.

In this subsection, we use ® to denote the product associated to the basis ¢, (p)e**P)? ie. (z® Y)k,n 18
the unique sequence such that

2K—-2 2N-2

NEp N Ep) = D D (@@ Yk ada(p)e* P (28)
k=—2K+2 n=0
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Figure 9: Representations of the local stable (in blue) and unstable (in red) manifolds of the equilibrium
(Teqs Yeq)- The computations were done for a = 3, b =15, 0 =3, N =10, K = 20, 1 = 0.2, 72 = 0.4.
The random parameter p is assumed to have a beta distribution of parameter (20,20), i.e. py(s) =
ﬂse(,l’l)w(l — 82)‘“_% with p = 20, and therefore we used the Gegenbauer polynomials of
parameter u = 20 for the PC expansion. In Figure 9a we display manifolds for several values of p,
sampled according to the arcsine distribution. The same manifolds are represented in Figure 9b with an
additional dimension describing the value of b = b + op corresponding to each sample. In Figure 9c, we

display the PDF of the curvature Kynstapie 0f the unstable manifold at the equilibrium.

It will again be convenient to write

Tk,0 Yk,0 2k,0

Ty = : Yk : , 2E = : , VO<k<K, (29)

L,N—1 Yk, N—-1 Zk,N—1
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and similarly
(T ®Y)po
(z®y), = : VO<Ek<K, (30)

(T®Y)p N1
and so on. Plugging the expansions (28) for z , y and z in (27) and using the notations (29) and (30),
we obtain the following system of (2K — 1) x N equations:
k(Q® ), —s(yy — k) =0
k(Q@y)k — (0zk +to(z®p) —yp — (2 ®2)) =0 VI[k[ <K, (31)
k(Q®2), — (—Bzp + (z®y)p) =0
where again p is identified with the sequence py ,, = 01,005,171 and € with the sequence Q ,, = 05,02, As

mentioned in Section 4.1, we complement this system with a phase condition, that we also expand using
PC. That is, given

u(l) = : and ’U(i) = 1=1, 27 37

Ug\l/)—l Ug\zf)—l

we append to (31) the N equations

K1 K1 K-1
( Z Tk — u(1)> « o) + < Z Yk — u(2)> xv@ 4 ( Z 2 — u(3)> xv® = 0. (32)

k=—K+1 k=—K+1 k=—K+1

In practice, we solve (31)-(32) using Newton’s method. More precisely, we assume that we are given a
deterministic periodic orbit (i.e. a solution for ¢ = 0) and do a predictor-corrector continuation in o
(using Newton’s method as the corrector step) until we reach the desired value. In Figure 10 we illustrate
the output of this procedure.

6.2 Computation of heteroclinic orbits

In this subsection, we detail how our approach can be used to compute heteroclinic orbits for the Lorenz
system, going between

(VBle—1).VBle— 1.0~ 1) (33)
and the origin. We focus on the case where

s(c+5+3)
c+pB—-1"

in which the origin has a two-dimensional stable manifold and (33) has a two-dimensional unstable
manifold.

As explained in Section 4.3, we use these local manifolds to set up our boundary value problem for the
heteroclinic orbits. A parameterization of these local manifolds is computed as described in Section 4.2,
using a TaylorxPC expansion. This procedure was already described in details in Section 5.2.3, so we
omit these details here. We denote by QK N (resp. QKN ) a local parameterization of the unstable
manifold of (33) (resp. of the stable manifold of the origin) of the form

QN = Y Y Qratnp)”.

0§\k\<f( 0<n<N
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(c) Some of the periodic orbits contained in the expansion, in red for ¢ = 18, in
green for o = 28 and in blue for p = 38.

Figure 10: We illustrate here some of the information that can be recovered from the FourierxPC
expansion of the periodic orbit. The computations were done for ¢ = 10, 8 = 8/3, p = 28, 0 = 10,
K =80, N = 10 and several PDF p, of p. In Figure 10a and Figure 10b we display the PDF of the
period T = 27/ of the orbit. In Figure 10c, we display some of the orbits described by the Fourierx PC
expansion (notice that, from the expansion we can again sample cheaply to obtain such orbits for many
values of p, but the picture becomes cluttered very quickly, which is the only reason why we restrict
ourselves to three values of p here).

Notice that since both manifolds are two-dimensional, we have § = (61,603). We recall that our goal
is to find 7(p), O(p), (p) and an orbit X(t,p) that solves the Lorenz system on [0, 7(p)], and satisfies
the boundary conditions X(0,p) = QXN (0(p),p) and X (r(p),p) = QXN (4(p),p). As mentioned in
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Remark 4.4, this system is underdetermined and we can in fact fix 0, and 6,, and only solve for 7(p),
05(p), O2(p) and X (t,p) to recover a unique solution. In practice, we solve for PC expansions of 7(p),
02(p) and 62(p):

N—-1 ) N-—1 R 5 N-—1 B
NE) = mbn®), 05p) = (0:) éulp) and ()= (B2), énlp).
n=0 n=0 n=0

To compute the heteroclinic orbit (or to be more precise, the part of that orbit that connects the two
local manifolds), we use piece-wise ChebyshevxPC expansions, as explained in Section 4.3. That is, we
now write

K-—1 —
§: §:a¢%¢n )T (tp), ¥ te D), tDm), Vel ... T}

—K+1 n=0

and similarly for y® "V and 2%¥ where we use the notations of Section 4.3 for partition of [0, 7] and the
associated rescaled Chebyshev polynomials. In this subsection, we use ® to denote the product associated
to the basis ¢, (p)Tl(kjl) (t,p), i.e. (x ® y)k.n is the unique sequence such that

2K—-2 2N-2

Nty Np) = Y Y eyl en®T) tp), Vie TV (p), 1 p), ¥ie{1,..., J}
k=—2K+2 n=0

(34)
It will again be convenient to write
iy U 2
xéj): : , y,(cj): : , z,(cj): : , VO<Ek<K,
x&v—l yl(fj,g\f—l ZI?;V—I
and similarly
Q0
Qr = : VO<k<K,
Qk,N—l
(z® y)(J)
eyt = : VO<k<K, Vje{l,.. . J}
(x®v) v

and so on. To write all three components at once, we also use
0
() _ j
Xy = y;(f)
Z}(Cj)
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With these notations, system (18) for the Lorenz vector field is then given by

L) ,
b)) (r+ (swy o) — sy —afl))) =0, YEz1,¥1<5<

70) _ jG-1) . , ,
by — ———— (7 (e, + ow@n)y — 92, - (w2 2,

4
(e +o@ep) — il —@e ) =0, VE=LV1<i<T

D - w (T* ((—ﬁz,(j]l + (x@y),(jﬁl) - ( 8200 + (x@y)éﬁl))) —0, Vk>1,Vi<j<J

K-—1
X(()J)+2 Xl(cj) J+1)+22 kXJ+17 V1S]§M—1
k=1
K—1
XV +23 (—0ExV = 3 Qb
k=1 0<|k|<K
K—1
XM +2) X = Y Qurdh,
k=1 0<|k|<K

where, for k = (k1, k2), 0% must be understood as

O1%...%x0, %03 %...x0,.

k1 times ko times

Again, we solve this system for the desired noise level o by doing predictor corrector steps with Newton
iterations.

In Figure 11 we illustrate the output of this procedure, by plotting several connecting orbits sampled
from the computed PC coefficients. As mentioned in the Section 3, we can also obtain the PC expansion
of the Gaussian curvature of each manifold at their respective equilibrium. We do so by computing each
coefficient of the first two fundamental forms, which can easily be recovered from the parametrization
Q@ of the manifold since they only involve derivatives of @) evaluated at 0. The obtained PDF for the
Gaussian curvature of both the stable manifold at the origin and the unstable manifold at one of the
nontrivial equilibrium points are depicted in Figure 12. As can be seen in Figure 11, both manifolds are
fairly flat close to their respective equilibrium, and indeed the suport of both PDF is close to zero in
Figure 12.

Finally, we point out that while our method is also successful when p takes values around the classical
value o = 28, the computation is then more challenging due to the proximity of the Hopf bifurcation at
0= % (= 24.7 for the classical values ¢ = 10 and 8 = 8/3), and therefore we are only able to
handle smaller noise level (o & 1). For such parameter values, the computations (in both the stochastic
and the deterministic framework) are intrinsically more difficult because of the strong oscillatory behavior
induced by the pair of eigenvalues being close to the imaginary axis.

7 Conclusions & Outlook

PC expansions have proven very successful in studying evolution equations (be it ODEs or PDEs) with
random coefficients, but mostly from the point of view of time integration. In this work we developed a
complementary approach, also based on PC but aimed at studying invariant sets of such systems, and
applied it to investigate steady states, stable and unstable manifolds, periodic orbits and connecting
orbits for ODEs. This approach is driven by the paradigm of nonlinear dynamics to study the structure
of invariant sets to understand the relevant effects. Once a PC expansion representation of an invariant
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Figure 11: Some of the heteroclinic orbits encoded in the piece-wise ChebyshevxPC expansions and in
the parameterizations of the local manifolds. The computations were done for ¢ = 10, 8 = 8/3, g = 50,
oc=15, M =25, K =8, N =15 and K= 30, K = 30. We display the manifolds and orbits for 10 values
of p, uniformly sampled. The local unstable manifolds of (33) are in blue and the local stable manifolds of
the origin are in red. The part of the heteroclinic orbits that solves the boundary value problem between
the two manifolds and is computed via piece-wise ChebyshevxPC expansions is displayed in green. The
remaining parts of the heteroclinic orbits (in cyan and magenta), are obtained for free via the conjugation
properties of the parameterizations (as explained on Figure 2).

set is computed, this expansion contains explicit information about the random invariant sets. Using fast
sampling or geometric visualization of the moments, then allows us to understand, how the phase space
structure is going to change based upon the random input.

We conclude by providing a brief discussion about some potential generalizations and further directions
of research connected to this work.

Extension to PDEs: A natural extension of this work would be to use similar techniques to study
invariant sets of time-dependent PDEs with random coefficients. The steady state case has already
been extensively investigated, but we believe that our new framework could allow to complement the
already existing studies on periodic orbits, and to explore new problems related to invariant manifolds
and connecting orbits for PDEs with random coefficients.

Bifurcations: If the invariant state we are studying undergoes a bifurcation for some value of the
random parameter, then the curve or manifold of invariant state that we are looking for may not be
smooth, and the PC expansions will then converge slowly, if at all. Several multiresolution analysis
schemes, based on subdividing the random space or on different bases such as wavelets, were developed
to handle such situations (see e.g. [44],[27, Chapter 8] and the references therein), and could be used also
in our setting to study random parameter bifurcation problems [20, 25, 24].

Rigorous computation: A posteriori error analysis for PC expansions is of course critical, as the
quantification of uncertainty provided by those expansions is only relevant if the error coming from
the discretization/truncation can also be controlled. Techniques of rigorous computations have been
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Figure 12: PDF of the Gaussian curvature of the stable manifold at the origin 12a, and of the unstable
manifold at one of the non-trivial equilibirum points 12b, for the same parameter values as in Figure 11,
and with p having a uniform distribution, i.e. p,(s) = %]186(71,1).

developed to obtain certified a-posteriori error estimates about numerically computed invariant sets of
deterministic systems [13], and we aim at generalizing them for random systems in a future work.

Expectation of random sets: Although it is relatively straightforward to define the expectation/average
for random variables and observables generated by dynamical systems, we already observed that more
general manifolds are more difficult to characterize via expectations. In fact, finding a good definition for
the expectation of a random set X'(w) is an entire sub-branch of mathematics; see the monograph [31]
and references therein. Several definitions for the expectation of X'(w) exist. One could start to investi-
gate the use of selection expectation for the dynamical systems context. Selections {(w) are single-valued
measurable functions capturing particular elements out of a set-valued random variable X' (w) in the sense
that one requires (w) € X (w) for almost all w € Q. Selections take values in R™ if X'(w) C R™. Then
one defines the expectation of X(w) as the closure of the expectations of all integrable selections. Note
that this viewpoint is a nice abstract way we can go beyond scalar observables to define expectations for
sets in a consistent way; we are planning to investigate this viewpoint in future work.

8 Appendix

We discuss here the computations of products of PC expansions, and detail some implementation aspects.

8.1 Linearization formulas for products

For any family of orthogonal polynomials ¢,, associated to a weight p, and any m and n in N, the product
@m®n can be written in the original basis:

n+m

GmPn = azn’nﬁblv (35)
k=0
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This is often called a linearization formula. Notice that, since ¢, ¢, = ¢ @, the linearization coefficients
are symmetric in m and n: «o;"" = «;”". Besides, by orthogonality we have

mm 1 1
Q. = hik <¢m¢na ¢k>p = hfk <¢k¢nv ¢m>p,
from which we infer that, if £k +n < m or k +m < n, then aj"" =0, i.e.
n+m
Gmbn = Z a;n,nd)k. (36)
k=|m—n|

Besides, if the weight p is even, then any even function is orthogonal to any odd function and therefore,
for all k& having a different parity than m + n, ;" = 0. In such case, it can be convenient to eliminate
all the coefficients that are a priori equal to zero, and rewrite (35) as

min(m,n)

OmPn = Z @Zl’n(berank- (37)

k=0

Remark 8.1. In practice, it is convenient to precompute and store the linearization coefficients o)™
(or &,""). These coefficients can be obtained by numerically computing the integrals (Pmbn, dk),» for
instance using quadrature Tules. For the classical orthogonal polynomials, the linearization coefficients
can also be computed in closed form (see e.qg. [33]). For Legendre polynomials P, we have

—k— —k— k—
(") () () (e m - 2k +1/2)

&Zlm = mk , YV m,n,k €N, k < min(m,n),

(") 4+ m =k +1/2)

m+n—k
z\ I'(z+1)
(k> T+ DI(z—k+1)

For Chebyshev polynomials of the first kind T;,, we have

where

1 if k =min(m,n) =0,
a""m=<1/2 if min(m,n) >0, and k =0 or k = min(m,n),
0 otherwise.

For Chebyshev polynomials of the second kind U, , we have
a"t =1, vV m,n, k€N, k<min(m,n).

For Gegenbauer polynomials C¥, we have

(m—k—&-u—l) (n—si-;kt—l) (k+,;:—1) (n +m — 2k + M)

m—k

~mn .
Gy " = — , VY m,n,k € N, k <min(m,n),
(" tk )t m =k p)

Finally, we point out that linearization coefficients o™ can of course also be defined for arbitrary (i.e.
non necessarily orthogonal) bases of polynomials. In particular, for the canonical basis ¢p(s) = s"
associated to Taylor expansions we have

cmm 1 if k=0,

a, " = _

0 otherwise.
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Definition 8.2. Given to sequences u = (un), oy and v = (vy,)
u*v by

nens we define their convolution product

(u*v), = i iumvna;ﬂ’”, VEkeN,

m=0n=0
with the convention o)™ =0 for all k > m + n. Notice that this definition depends on the weight p, or
equivalently on the family (¢n), oy, via the coefficients aj".

Lemma 8.3. If the weight p is even, the convolution of u and v can also be written as
oo k
(ukv), = Z Z “p+qvp+qudg+q’p+k_q‘
p=0 ¢g=0

This definition is the natural one to describe the product of two functions in the basis given by
(#n),en- Indeed, writing

U(S) = Zun¢n(5) and ’U(S) = Zvn¢n(5)v
n=0 n=0
one has, at least formally,
u(s)o(s) = > (uxv), on(s). (38)
n=0

With the notations of Definition 8.2, one has

m—+n
lusolly < | sup > o™ | ) ully lloll;
m,neN k—0

where [Jull; = Y07 |u,|. Therefore, as soon as

m—+n
sup Z la""| < o0, (39)
m,neN k=0

the space ¢! of sequences with finite ||-||; norm is stable under the convolution product, i.e. (€!,%) is a
Banach algebra.

Remark 8.4. If the family ¢y, is such that supye_y 1) |pn(s)| < 1 for alln € N, then the L -norm of the
coefficients controls the C°-norm of the function:

sup |u(s)| < sup |up)-
s€e[—1,1] neN

In particular, if the coefficients associated to u and v have finite £*-norm and (39) is satisfied, then the
sum in (38) is guaranteed to converge, and (38) holds not only formally, but also in C°.

For each family of polynomials used in this work, namely the Legendre polynomials P,, the Chebyshev
polynomials of the first kind 75,, the canonical basis X", and (suitable renormalization of) the Chebyshev
polynomials of the second kind U,, = U,,/U,(1) and the Gegenbauer polynomials C* = C!/C#(1), we

have
m—+n

Z loap""| =1, vV m,n €N. (40)
k=0
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Indeed, in all these cases ¢, (1) =1 for all n € N, therefore (35) yields

m+n
a"" =1, YV m,n € N.
k=0

Besides, in all these cases the linearization coefficients """ are nonnegative for all m, n, k € N, and hence
we get (40), which implies (39). Notice that in all those cases sup,¢_ 1) |¢n(s)| = 1 for all n € N, and
therefore Remark 8.4 applies. For a more in depth discussion about the convolution products and Banach
algebra structures that can be associated to orthogonal polynomials, we refer to the lecture notes [37]
and the references therein.

In practice we need to implement the linear operator representing the (truncated) convolution with a
given sequence (see e.g. Section 5.2.3). Given u = (un)q<, .y, and linearization coefficients a associated
to a basis (¢,,), we therefore define the N x N matrix M, by

i+j ]
> oafdu, YO0<ij<N.
k=li—j|

It follows from (36) that, for any vector v = (vn)y<,<n

(Myv), = (uxv)g VO<k<N.

Let us now consider two basis ((bslll)) N and ( 2)) u having linearization coefficients (') and
nie n2€

a® and associated convolution products *(!) and %(2). We encountered this situation in Section 5 and
Section 6, for instance when dealing with Taylorx PC expansions, but what follows could also be used for
multivariate PC expansions. Given bidimensional sequences u = (uy), cpe and v = (v,),,cye associated
to expansions

u(@y) = Y und) (@)D (y)  and  o(wy) = Y el ()65 (v),
neN? neN2
we introduce the bidimensional product ® such that
u(z,y)o(w,y) = Y (u@wv), o) ()60 (y)-
neN?

The coefficients (u ® v),, can of course be computed from the univariate convolution products, for instance
by looking at u and v as functions of one variable (say x) having coefficients depending on the other
variable (say y):

u(z,y) = Z(Zum,m >¢> () and  v(w,y) = Z(va,mcb >¢> (x)-

n1EN \nseN n1€EN \nseN
Denoting u(!) = (u%ll)) N where for all n € N uE}R = (Uny,ns)p, ey and slightly abusing the notation
nie
(1) we get

(u®v), = ((u(n < v(l)) ) S ( )ml’"l (u% +(2) 7(111)>k .
2

m1€ENn;EN

Of course the role of each variable/basis is interchangeable and we also have

o= (12 e20®) ) = 35 (@) () 002,
1

kq moENngyeN
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8.2 Treatment of higher order terms

Let us now consider situation where product of three or more expansions have to be computed for a given
family ¢,,. Of course one could consider the coefficients Blk ™™ such that

k+m+n

¢k¢)m¢n - Z Bk " n

=0

and precompute (and store) them using the formula:

m,n 1
P = e (B Ombn, ),

However, this approach becomes impracticable very fast even for univariate bases when the degree of the
nonlinearity increases. Therefore in practice it is more efficient to stick with only the coefficients « for
quadratic products, and compute nonlinear term of higher order recursively. That is, given expansions

) =Y wntn(s),  vs) =Y vad(s) and  w(s)= > wadals),
n=0 n=0 n=0

we get the coefficients of u(s)v(s)w(s) by first computing u*v and then (u*v)*w, which by associativity
can simply be denoted (u * v * w).

Remark 8.5. It should be noted that associativity is often only approximately true in practice because of
truncation errors, but this is negligible as soon as we use enough coefficients for the truncation error to
be small (see e.g. [27, Section 4.5.1.2]).

We point out that, even for systems with nonlinear terms of low order, these considerations are also
relevant if one wishes to compute higher order moments associated to PC expansions. Indeed the k-th

moment of u is given by
= (W) (1), = (Wb,

1=0
where we have
ky _
(W) =(zx...xx).
k times
Finally, let us also mention that handling non polynomial functions of PC expansions is also possible,

although less straightforward, see e.g. [7]. As a specific example, in Section 5.2.2 we compute the PC
expansion of an angle ¢, from the PC expansion of the coordinates (u,v), via the formula

v
= 2arct
P arcan1+

In practice, we first compute the PC expansion of w = 7. This can easily be done by solving the linear
system M, w = v, with M4, the convolution matrix associated to 1+ u (see the previous subsection).
We then use a truncated Taylor series of arctan to compute the PC expansion of ¥ from the one of w.
Notice that we may run into trouble here, if w ranges outside (—7/2,7/2). To avoid such problems, we
first do a quick sample of (u,v) to estimate the range of w, define 1 as the middle of this range, and
then compute ¢ — 1)y instead

Uy | _ [ cos Yo sinyg u s Vb & = o + 2 arctan wy, .
v —sinygy cosy v]’ T Uy Ve
) 0 0
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8.3 Faster computations

The usual paradigm of PC is that, to minimize computational cost one should use the expansion basis
associated to the PDF of the random inputs, as this minimize the number of coefficients needed to reach
a given accuracy (see Section 5.2.1). However, the cost of computing the nonlinear terms for a given
expansion should also be taken into account, and we briefly discuss it here. Let us consider truncated
PC expansions of size N:

N-1 N-1
u(s) = Z Un Pn and v(s) = Z Un P,
n=0 n=0

and evaluate the cost of computing (u * v),, for all 0 < n < N, assuming the linearization coefficients «
have been precomputed and stored. From (36) we have

N—-1 k+n

(u*v), = Z Z " Uy Uy

n=0 m=|k—n|

therefore, using directly this formula the total cost of computing (u * v); for all 0 < k < N is of order
N?3. However, this cost can easily be reduced by one order for some specific expansions, for which we
know a priori that most of the linearization coeflicients are zero. In particular, for Taylor expansions the
convolution product (usually called Cauchy product in that case) writes

k
(u * V) = Zulkaly
1=0

and thus the total cost of computing (u * v), for all 0 < k < N is of order N2. Chebyshev expansions of
the first kind also enjoy a similar property. Indeed, let us consider ¢,, defined as ¢y = Ty and ¢, = 2T,
for all n > 1. Then the associated convolution product is related to the classical discrete convolution

product and writes
N—1

(u*xv), = Z ||V k=15

—N+1

and the total cost of computing (u*v) for all 0 < k < N is again of order N2. Finally, when N becomes
large one may want to try and reduce this cost even further. A natural way to do so for Chebyshev or
Taylor expansions is to compute the convolution via a Fast Fourier Transform, which then brings down
the cost even lower, to an order of Nlog N (see e.g. [32, 35]). This idea was partially extended to other
bases such as the Gegenbauer polynomials, see [34] and the references therein for more details.

Acknowledgments: MB and CK have been supported by a Lichtenberg Professorship of the Volkswa-
genStiftung. We also thank two referees for their very insightful comments improving the presentation
of our results.

References

[1] U.M. Ascher, R.M.M. Mattheij, and R.D. Russell. Numerical Solution of Boundary Value Problems
for Ordinary Differential Equations. STAM, 1987.

[2] M. Breden and C. Kuehn. Matlab code for ” Computing invariant sets of random differential equations
using polynomial chaos”. https://sites.google.com/site/maximebreden/research.

[3] M. Breden, J.-P. Lessard, and J.D. Mireles James. Computation of maximal local (un)stable manifold
patches by the parameterization method. Indag. Math., 27(1):340-367, 2016.

35


https://sites.google.com/site/maximebreden/research

[4]

X. Cabré, E. Fontich, and R. de la Llave. The parameterization method for invariant manifolds I:
manifolds associated to non-resonant subspaces. Indiana Univ. Math. J., 52(2):283-328, 2003.

X. Cabré, E. Fontich, and R. de la Llave. The parameterization method for invariant manifolds. II.
Regularity with respect to parameters. Indiana Univ. Math. J., 52(2):329-360, 2003.

X. Cabré, E. Fontich, and R. de la Llave. The parameterization method for invariant manifolds. ITI.
Overview and applications. J. Differential Equations, 218(2):444-515, 2005.

B.J. Debusschere, H.N. Najm, P.P. Pébay, O.M. Knio, R.G. Ghanem, and O. Le Maitre. Numerical
challenges in the use of polynomial chaos representations for stochastic processes. SIAM J. Sci.
Comput., 26(2):698-719, 2004.

Michael Dellnitz, Stefan Klus, and Adrian Ziessler. A set-oriented numerical approach for dynamical
systems with parameter uncertainty. SIAM Journal on Applied Dynamical Systems, 16(1):120-138,
2017.

A. Desai, J.A. Witteveen, and S. Sarkar. Uncertainty quantification of a nonlinear aeroelastic sys-
tem using polynomial chaos expansion with constant phase interpolation. J. Vibration Acoustics,
135(5):051034, 2013.

Tobin A Driscoll, Nicholas Hale, and Lloyd N Trefethen. Chebfun guide. https://www.chebfun.
org/, 2014.

Tobin A Driscoll and JAC Weideman. Optimal domain splitting for interpolation by Chebyshev
polynomials. SIAM Journal on Numerical Analysis, 52(4):1913-1927, 2014.

O.G. Ernst, A. Mugler, H.-J. Starkloff, and E. Ullmann. On the convergence of generalized polyno-
mial chaos expansions. Math. Model. Numer. Anal., 46(2):317-339, 2012.

J.-L. Figueras, M. Gameiro, J.-P. Lessard, and R. de la Llave. A framework for the numerical
computation and a posteriori verification of invariant objects of evolution equations. SIAM J. Appl.
Dyn. Syst., 16(2):1070-1088, 2017.

G. Fishman. Monte Carlo: concepts, algorithms, and applications. Springer Science & Business
Media, 2013.

R.G. Ghanem and P.D. Spanos. Stochastic finite element method: Response statistics. In Stochastic
Finite Elements: A Spectral Approach, pages 101-119. Springer, 1991.

Roger Ghanem and Debraj Ghosh. Efficient characterization of the random eigenvalue problem in
a polynomial chaos decomposition. International Journal for Numerical Methods in Engineering,

72(4):486-504, 2007.
M. Grigoriu. Stochastic Systems: Uncertainty Quantification and Propagation. Springer, 2012.

J. Guckenheimer and P. Holmes. Nonlinear Oscillations, Dynamical Systems, and Bifurcations of
Vector Fields. Springer, New York, NY, 1983.

A. Haro, M. Canadell, J.-L. Figueras, A. Luque, and J.-M. Mondelo. The parameterization method
for invariant manifolds. Appl. Math. Sci, 195, 2016.

T. Hurth and C. Kuehn. Random switching near bifurcations. Stochastics and Dynamics, 2019.
accepted / to appear.

B. Krauskopf, H.M. Osinga, E.J. Doedel, M.E. Henderson, J. Guckenheimer, A. Vladimirsky, M. Dell-
nitz, and O. Junge. A survey of methods for computing (un)stable manifolds of vector fields. Int.
J. Bifurcation and Chaos, 15(3):763-791, 2005.

36


https://www.chebfun.org/
https://www.chebfun.org/

[22]

23]

[24]

[25]

[26]

[27]

[28]

B. Krauskopf, H.M. Osinga, and J. Galan-Vique, editors. Numerical Continuation Methods for
Dynamical Systems: Path following and boundary value problems. Springer, 2007.

C. Kuehn. Deterministic continuation of stochastic metastable equilibria via Lyapunov equations
and ellipsoids. SIAM J. Sci. Comp., 34(3):A1635-A1658, 2012.

C. Kuehn. Quenched noise and nonlinear oscillations in bistable multiscale systems. EPL (Euro-
physics Letters), 120:10001, 2017.

C. Kuehn. Uncertainty transformation via Hopf bifurcation in fast-slow systems. Proc. R. Soc. A,
473:20160346, 2017.

Y.A. Kuznetsov. FElements of applied bifurcation theory, volume 112. Springer Science & Business
Media, 2013.

O. Le Maitre and O.M. Knio. Spectral methods for uncertainty quantification: with applications to
computational fluid dynamics. Springer Science & Business Media, 2010.

O. Le Maitre, L. Mathelin, O.M. Knio, and M.Y. Hussaini. Asynchronous time integration for
polynomial chaos expansion of uncertain periodic dynamics. Discrete Contin. Dyn. Syst, 28:199—
226, 2010.

D. Lucor and G.E. Karniadakis. Adaptive generalized polynomial chaos for nonlinear random oscil-
lators. SIAM J. Sci. Comput., 26(2):720-735, 2004.

D.R. Millman, P.I. King, R.C. Maple, P.S. Beran, and L.K. Chilton. Airfoil pitch-and-plunge bifur-
cation behavior with Fourier chaos expansions. J. Aircraft, 42(2):376-384, 2005.

I. Molchanov. Theory of Random Sets. Springer, 2017.

H.J. Nussbaumer. Fast Fourier transform and convolution algorithms, volume 2. Springer Science
& Business Media, 2012.

F.W.J. Olver, D.W. Lozier, R.F. Boisvert, and C.W. Clark. NIST handbook of mathematical func-
tions. Cambridge University Press, 2010.

D. Potts, G. Steidl, and M. Tasche. Fast algorithms for discrete polynomial transforms. Math.
Comp., 67(224):1577-1590, 1998.

K.R. Rao and P. Yip. Discrete cosine transform: algorithms, advantages, applications. Academic
press, 2014.

M. Schick, V. Heuveline, and O. Le Maitre. A Newton—Galerkin method for fluid flow exhibiting
uncertain periodic dynamics. SIAM/ASA J. Uncertain. Quantif., 2(1):153-173, 2014.

R. Szwarc. Orthogonal polynomials and banach algebras. Inzell Lectures on Orthogonal Polynomials.
Advances in the Theory of Special Functions and Orthogonal Polynomials, Nova Science Publishers,
2:103-139, 2005.

L.N. Trefethen. Approzimation theory and approzimation practice, volume 128. Siam, 2013.

W. Tucker. Validated numerics: a short introduction to rigorous computations. Princeton University
Press, 2011.

Jan Bouwe van den Berg and Ray Sheombarsing. Rigorous numerics for ODEs using Chebyshev
series and domain decomposition. preprint, 2015.

37



[41]

J.B. van den Berg, J.D. Mireles James, and C. Reinhardt. Computing (un)stable manifolds with
validated error bounds: non-resonant and resonant spectra. J. Nonlinear Sci., 26(4):1055-1095,
2016.

J.B. van den Berg and J.-P. Lessard. Rigorous numerics in dynamics. Notices Amer. Math. Soc.,
62(9), 2015.

A.J. Veraart, E.J. Faassen, V. Dakos, E.H. van Nes, M. Lurling, and M. Scheffer. Stochastic bifur-
cation analysis of Rayleigh-Bénard convection. J. Fluid Mech., 650:391-413, 2010.

X. Wan and G.E. Karniadakis. Multi-element generalized polynomial chaos for arbitrary probability
measures. SIAM J. Sci. Comput., 28(3):901-928, 2006.

N. Wiener. The homogeneous chaos. Amer. J. Math., 60(4):897-936, 1938.
D. Xiu. Generalized (Wiener-Askey) Polynomial Chaos. PhD thesis, Brown University, 2004.

D. Xiu. Efficient collocational approach for parametric uncertainty analysis. Commun. Comput.
Phys, 2(2):293-309, 2007.

D. Xiu. Fast numerical methods for stochastic computations: a review. Commun. Comput. Phys.,
5(2-4):242-272, 2009.

D. Xiu and G.E. Karniadakis. The Wiener—Askey polynomial chaos for stochastic differential equa-
tions. SIAM J. Sci. Comput., 24(2):619-644, 2002.

Dongbin Xiu and George Em Karniadakis. Modeling uncertainty in steady state diffusion prob-
lems via generalized polynomial chaos. Computer methods in applied mechanics and engineering,
191(43):4927-4948, 2002.

38



	Introduction
	A quick review on PC
	About random sets
	Computation of periodic orbits, invariant manifolds and connecting orbits
	Periodic orbits via Fourier series
	Local invariant manifolds via Taylor series and the parameterization method
	Heteroclinic orbits via Chebyshev series and projected boundaries

	First example: a Lotka-Volterra system
	Analytical results (for benchmarking)
	Deterministic framework
	Stochastic framework

	Numerical results
	Analysis of convergence for the steady state problem
	Computation of eigenvalues and eigenvectors
	Computation of local stable/unstable manifolds


	Second example: the Lorenz system
	Computation of periodic orbits
	Computation of heteroclinic orbits

	Conclusions & Outlook
	Appendix
	Linearization formulas for products
	Treatment of higher order terms
	Faster computations


