CONVERGENCE OF EQUATION-FREE METHODS IN THE CASE
OF FINITE TIME SCALE SEPARATION WITH APPLICATION TO
DETERMINISTIC AND STOCHASTIC SYSTEMS
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Abstract. A common approach to studying high-dimensional systems with emergent low-
dimensional behavior is based on lift-evolve-restrict maps (called equation-free methods): first, a
user-defined lifting operator maps a set of low-dimensional coordinates into the high-dimensional
phase space, then the high-dimensional (microscopic) evolution is applied for some time, and fi-
nally a user-defined restriction operator maps down into a low-dimensional space again. We prove
convergence of equation-free methods for finite time-scale separation with respect to a method pa-
rameter, the so-called healing time. Our convergence result justifies equation-free methods as a tool
for performing high-level tasks such as bifurcation analysis on high-dimensional systems.

More precisely, if the high-dimensional system has an attracting invariant manifold with smaller
expansion and attraction rates in the tangential direction than in the transversal direction (normal
hyperbolicity), and restriction and lifting satisfy some generic transversality conditions, then an
implicit formulation of the lift-evolve-restrict procedure generates an approximate map that converges
to the flow on the invariant manifold for healing time going to infinity. In contrast to all previous
results, our result does not require the time scale separation to be large. A demonstration with
Michaelis-Menten kinetics shows that the error estimates of our theorem are sharp.

The ability to achieve convergence even for finite time scale separation is especially important
for applications involving stochastic systems, where the evolution occurs at the level of distributions,
governed by the Fokker-Planck equation. In these applications the spectral gap is typically finite.
We investigate a low-dimensional stochastic differential equation where the ratio between the decay
rates of fast and slow variables is 2.
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1. Introduction. High-dimensional dynamical systems with time scale sepa-
ration have under certain assumptions the potential to be studied and understood
through a reduction to low-dimensional systems. In most cases these reduction meth-
ods are applied directly to the high-dimensional systems of equations [39]. The most
common approaches are referred to as averaging and mean-field approximation [44],
the slaving principle or adiabatic elimination [19] in the physics literature. The aim of
these methods is to reduce the complexity of a high-dimensional (here also called mi-
croscopic) system to a relatively simple low-dimensional (here also called macroscopic)
system. After reduction, the long-term dynamics of the system can be analyzed by
studying the low-dimensional macroscopic system, using techniques that may only be
available for low-dimensional deterministic systems (e.g., detailed bifurcation analy-
sis). The underlying assumption is that a trajectory of the microscopic system will
rapidly relax onto a low-dimensional manifold, which it will then track on a longer time
scale, following the slower macroscopic equations. Thus, one speaks of slow variables,
which are the coordinates on the slow low-dimensional manifold, and fast variables
transversal to the slow manifold. The notion that the fast variables are “slaved” by
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the slow variables describes that over long time the microscopic trajectories track the
slow manifold.

The justification for this reduction is simplest and strongest if the underlying mi-
croscopic dynamical system possesses a low-dimensional attracting invariant manifold.
In these cases mathematical theorems on persistence of invariant manifolds can be ap-
plied. Proofs were given by Fenichel [15] and Hirsch et al. [20] for finite-dimensional
smooth dynamical systems such as ordinary differential equation (ODEs) and maps
and by Bates et al. [6, 7] for general semiflows (covering certain classes of partial dif-
ferential equations). Certain cases of averaging (such as periodic and quasi-periodic
forcing) may also be reduced to invariant manifold persistence.

The case for model reduction is more subtle if the microscopic system is stochastic
(or more generally, ergodic), for example, if the model is given by a multi-particle or
agent-based simulation. The time-scale separation for these systems occurs if, for
example, the number of particles is large. A model case for stochastic systems is the
reduction of a high-dimensional system of stochastic differential equations (SDE) to
a low-dimensional SDE acting on a slower time scale (smaller drift terms and smaller
noise amplitude than the microscopic system). In this case, the arguments for model
reduction look formally similar to the case of attracting manifolds in deterministic
systems [36, 17]. However, the underlying mathematical convergence results are not as
strong. Two aspects in which the deterministic results are stronger than the stochastic
results will have implications on convergence results for computational methods:

Validity for finite time-scale separation: For invariant manifolds in a deterministic
ODE the time scale separation (let us call it €) is measured as the ratio between the
rate of attraction along directions tangential to the manifold (d.,) and transversal
to the manifold (di,, 0 € = dian/diy). As long as this ratio € is less than unity, the
manifold persists. Let us call this persistent low-dimensional manifold C. Persistence
implies that, even for a finite €, a reduced model on this manifold C exists, describing
some trajectories of the microscopic system with perfect accuracy (those that lie on
C). In practice the dynamics on the slow manifold C is often approximated by an
expansion in €.

Shadowing: Even more, every point u from an open neighborhood of C has a
shadowing point g(u) € C. The difference between the trajectories starting from u
and g(u) goes to zero in time with a rate close to di,. This means that the reduced
model describes all nearby trajectories even for positive € with perfect accuracy except
for rapidly decaying terms. The nonlinear projection u — g(u) € C is called the stable
fiber projection.

Compared to the above, the precise mathematical convergence statements in
[36, 17] for stochastic systems with time scale separation are weaker. They are con-
cerned with the limit ¢ — 0 and prove that moments of the slow coordinates of the
microscopic trajectory and of the trajectories of the slow model, derived by a formal
expansion in &, converge to each other for e — 0 [36].

On-demand computation of slow flow — Equation-free framework. The above
mathematical theorems underpin the derivation of approximate low-dimensional mod-
els for large-dimensional systems. However, they also provide guidance for the con-
vergence analysis of computational methods that avoid the explicit derivation of a
low-dimensional model, but merely assume its existence. A general framework for
analysing slow-time scale behaviour of systems with time scale separation was pro-
posed by Kevrekidis et al. under the name “equation-free computations” [23, 16,
25]. The assumption behind equation-free computations is the existence of a slow
low-dimensional description (in R%) for some macroscopic quantities of the high-
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Fi1G. 1.1. Lift-evolve-restrict map P(¢;-) in low-dimensional space R? wused in equation-free
computations.

dimensional microscopic system (which is defined in R”) that contains a d-dimensional
invariant manifold C, which we will call the slow manifold. We do not append a sub-
script € to C, since our main result will only assume existence and smoothness of the
invariant manifold C and its stable fiber projection, but not consider the limit of time
scale separation € — 0. The framework, illustrated in Figure 1.1, only relies on the
availability of a microscopic time stepper (a map M(t;-) : RP s RP for ¢ > 0) that
can be called at selected microscopic initial values u € RP. The goal is to compose
a macroscopic time stepper ®,(5;-) : R — RY for § € R (possibly including § < 0)
in some coordinates for the slow manifold C, which is then amenable to higher-level
tasks such as bifurcation analysis.

For equation-free computations the user also has to choose two operators, the
lifting £ : R — RP and the restriction R : RP +— R, which are maps between
the original high-dimensional (R”) microscopic level and the low-dimensional (R?)
macroscopic level. The user-defined lifting £ and restriction R, together with the
time stepper M (t;-) define the central building block of equation-free methodology,
the “lift-evolve-restrict” map,

P:[0,00) x dom £ 3 (¢,z1) — R(M(t; L(zL))) € 18R

(see Figure 1.1). For a given value x; € R? of macroscopic quantities, one first
applies the lifting £ to x, getting a microscopic state u, then one runs the microscopic
simulation for time ¢ starting from w (applying the microscopic evolution M (t;u)),
and finally one applies the restriction R to the result M (¢; u).

The use of the lift-evolve-restrict map P assumes that the trajectory t — M (t; u)
of the time stepper will be close to the slow manifold C most of the time. Assuming
this, equation-free methods aim to extract information about the slow flow along C by
calling the lift-evolve-restrict map P judiciously. The simplest approach would be to
use P(t;-) as an approximation for M (¢; -) restricted to C (called explicit equation-free
computation in [33]).

When using equation-free methods one faces several challenges, both analytical
and in terms of implementation. First, as the slow manifold C cannot be assumed
to be known to the user, the method cannot assume that the user provides a lifting
operator £ that maps onto C. This leads to initial fast transients in the trajectory
that will also change the supposedly slow variables, unless the stable fiber projection
g : RP — C keeps the restriction constant (the criterion would be Rogo £ ~ I).
Since the projection g cannot be assumed to be known either, this implies that an
unknown nonlinear transformation is applied to the variables in dom £ before the slow
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dynamics start. A detailed illustration of this problem is given in Figure 2.1 and its
description in section 2.

Second, the justification for equation-free methods relies on the stronger results for
classical attracting invariant manifolds of deterministic systems (including persistence
of the slow manifold for finite time-scale separation and its shadowing properties via
stable fiber projection). However, the methods are commonly applied to stochastic or
deterministic chaotic systems with time scale separation, for which convergence results
are weaker. In the stochastic case the microscopic time stepper M(¢;-) applies to
densities not single trajectories. Finally, for applications with stochastic microscopic
systems the additional difficulty of low computational accuracy in the evaluation of
M (t;-) and possibly £ and R may impose practical limitations.

This paper addresses the first challenge, the unknown slow manifold and fiber
projection. It proves convergence of the implicit approximation y = &, (d;x) for
the slow flow ®.(d;x), given by the solution y of the d-dimensional nonlinear system

P(tskip; y) = P(tskip + 6; x)

for sufficiently large healing time tqp, and a fixed finite time scale separation for the
scenario of an attracting d-dimensional invariant manifold in R (strong reduction
results are available in this scenario). We also give a demonstration how the implicit
equation-free formulation behaves when it is applied to moments of distributions in
a stochastic system. Starting from this demonstration, we outline in our subsequent
discussion how convergence statements for stochastic systems may have to be formu-
lated.

Applications and recent practical improvements. A motivation for using the equa-
tion-free framework is that it extends methods which are otherwise only applicable
to low-dimensional dynamical systems directly to simulations of high-dimensional
complex systems. Classical applications of equation-free methods were macroscopic
bifurcation analysis for microscopic simulations in chemical engineering (see [24] for
a review). Recently similar analysis was performed on stochastic network models of
neurons [4, 30] or disease spread [18], or on agent-based models in ecology [45] and
social sciences (for example, for consumer lock-in [3], for pedestrian flow [33, 32], or
for trading [42]). Another example for a high-level task accessible via equation-free
methods is control design [43, 42].

Recent modifications and improvements to equation-free methods in multi-particle
or agent-based simulations are variance reduction [35, 3], restriction of computations
to patches in space [40, 41, 28] (for which a-priori error estimates can be proven
[40, 41]), and data-driven selection of the slow variables using diffusion maps [12, 33].
Debrabant et al. [13] construct an acceleration scheme for Monte-Carlo simulations
of high-dimensional SDEs based on moments of densities (the macroscopic variables),
and prove its convergence as the number of moments goes to infinity.

2. Current state of analysis.

Geometry of the idealized case of an attracting slow manifold. Analysis of the
equation-free framework (based on lift-evolve-restrict) is still ongoing. Convergence
analysis with general a-priori error estimates has been performed mostly for the ideal-
ized case where the D-dimensional microscopic problem has a d-dimensional attracting
invariant slow manifold C, which is rarely encountered in the practical applications
listed above. Exceptions are, for example, a study of bursting neurons [8] and the ap-
plication of implicit equation-free computations to generalize an algorithm for growing
stable manifolds of fixed points of two-dimensional maps a delay-differential equation
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with an unknown two-dimensional slow manifold [38]. Even for this idealized case one
faces the geometric difficulty illustrated in Figure 2.1. The geometry shows an exam-
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FIG. 2.1. Geometry of lift-evolve-restrict map near slow manifold: macroscopic value xj, € R?
gets lifted to L(xr), then evolved to M(t; L(xr)), then restricted to xr = R(M(t;L(xzr)) € RY.
The aim is to approzimate the true slow flow xp, + (go L)™' o M(t;g(L(xr))), which involves the
unknown fiber projection g, using the map R oM (t; -)oL, and assuming invertibility of goL : R* — C.
For this sketch, d =1 and D = 2.

ple scenario where the microscopic system is two-dimensional, and the slow manifold
C is horizontal (and, thus, the slow motion is purely horizontal, drifting to the left).
Here we choose a lifting £ that maps also onto a horizontal line rg £. However, rg £
is at a distance to C, because the precise location of C is in practice unknown. The
restriction R is the horizontal component of any point v € R?. The spaces dom £ and
rg R (both one-dimensional) are drawn separately for clarity in Figure 2.1, but they
may be identical in examples. The fast motion of M (¢;-) is not perfectly vertical, but
has a significant horizontal component. Figure 2.1 also shows how the map P acts on
a typical point xy,, showing its image £(zr,), the result of the evolution, M (t; L(zL)),
and the result of the restriction P(t;xr) = zp = R(M(¢; L(zL))).

The point s € C in Figure 2.1 is defined as the unique point x5 on C such that
M(t; L(x)) — M (t;x5) converges at an exponential rate di, that is larger than the
maximal rate of contraction di,, tangential to C (which is horizontal). As mentioned
in the introduction as shadowing, this mapping is defined for every point w in the
neighborhood of C: for every u near C there exists a point g(u) € C such that M (¢; u)—
M (t; g(u)) ~ exp(—ds,t) (in the illustration u = L(x), g(u) = x5). This point g(u) is
called the stable fiber projection of u. The map ¢ is known to have the same regularity
as C [15, 20]. For dian < diy the map can be expanded in orders of € = dgapn/diy. The
thin grey lines (called stable fibers or isochrones) in Figure 2.1 indicate how points
in the plane are projected onto C under the nonlinear projection g for the illustrative
example.

Figure 2.1 makes clear that the dynamics of the map P(t;z) is qualitatively
different from the dynamics of M(¢;-) restricted to C, M(t;-)|c. For the particular
geometry shown in Figure 2.1 P(t;-) has a unique stable fixed point if the horizontal
attraction/expansion rate di,, of M(¢;-) on C is sufficiently small compared to the



6 JAN SIEBER, CHRISTIAN MARSCHLER, JENS STARKE

attraction rate di, transversal to C. This fixed point is nearly independent of the
dynamics of M (¢;-) on C.

More generally, if the lifting operator £ does not map x, into the low-dimensional
slow manifold C then the initial part of the trajectory t — M(¢; £L(zr)), which is
computed as part of the lift-evolve-restrict map P, is a rapidly changing transient
toward the slow manifold C, which will generically also change the resulting x .

In the limit of infinite time-scale separation (that is, the derivative of M with
respect to time, 01 M (t;,u), goes to 0 for u € C) the dynamics of the lift-evolve-
restrict map P is a small perturbation of the map Rog o £. Unless this limit map
equals the identity, P(¢;-) cannot be a good approximation of the slow flow along the
manifold C. Using x in the domain of the lifting £ and the map go £ : dom L — C
onto the manifold C as the coordinate map, the slow flow @, has the form

,.(8;)=(go L) L oM(6;-)o(goL), or implicitly defined by
(2.1) ¢, :RxdomL > (§,x) =y, €domL, where y, solves
R(9(L(y=))) = R(M(8; g(L(x))))

(using the notation (-)~! for the inverse map). This definition is not directly com-
putable since the nonlinear projection g is unknown in general.

Feasible approaches to construct an accurate approximation of M (¢;-) restricted
to C are constrained runs, as discussed by Gear, Zagaris et al. [16, 48, 49], or the
introduction of a healing time tq,. The latter approach is studied in this paper.

Constrained runs. The approach of [16, 48, 49] to ensuring that R og o L is close
to the identity is to enforce that the lifting £ maps onto the manifold C with sufficient
accuracy for all z in its domain. Usually, this requires an additional scheme involving
the iterative application of £ and M; see [16, 48, 49]. The a-priori error estimates
prove that the lift-evolve-restrict scheme with these additional iterations has an er-
ror of order (dian/diy)™ if the constrained runs scheme is of order m, where dia, is
the attraction/repulsion time scale tangential to the slow manifold C and dy, is the
transversal attraction rate. The ratio dian/di; measures the time scale separation. It
is assumed to be small when applying constrained runs (and called €), and O(g™)
convergence is proven in [16, 48, 49] in the limit € — 0. This limit will not be required
in our proof, later on.

Implicit formulation with healing time. A second, alternative, approach is to intro-
duce a healing time tyyip, exploiting that M attracts along the fibers [25, 5]. Marschler
et al. [31] show that the healing time g, can be motivated by introducing an addi-
tional shift M (tskip;-) and its inverse into (2.1) (note that M (tskip;-) is invertible on
the slow manifold C):

(2.2) Yo = Pu(6;2) = (g0 L) o M(taip; )™ o M(S + teip;+) 0 g o L(z).

Removing the inverses in (2.2) leads to an implicit equation for y, = ®,(J;x) with
the healing time g, as an additional parameter:

(2.3) R oM (tskip;+) © g 0 L(yx) = RoM (6 + taxip; ) © g © L()

In (2.3) the parameter tuip, has no effect since M (texip;-) is invertible on the slow
manifold. However, the difference M (tskip; <) © g — M (tskip; -) decreases with ¢, (at
rate ~ exp(—dtskip)). In Figure 2.2 the distance between points along the trajectory
starting from L(z) (in red) and their projections g o L(x) (white) illustrates this
convergence. Thus, we may approximate M (tskip; ) © ¢ by M (tskip;-) in (2.3). This
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Fic. 2.2. Trajectories involved in the implicit definition of y« and y using the scenario of
Figure 2.1: ys« is the image of x under the true slow flow, y« = ®(0;x); y; are approzimations for
different tswip, ¥j = Pi iy, (6;2).

results in a computable approximation y;,, = @, (d;2) of y., given implicitly by
the equation

(2.4) RAM (tsicip; LWt ) = RIM (0 + taip; £()))-

Figure 2.2 illustrates the effect of increasing healing time Zgip in the scenario intro-
duced in Figure 2.1. The points y; and yo are the solutions of (2.4) for two different
healing times tsip1 < tskip,2. Equation (2.4) means that the points y; are defined as
those elements of dom £ for which the trajectory starting from £(y,) has the same
horizontal component (restriction R) as M (tskip,; + 9; £(x)) after time tgip, ;.

The implicit approach was analyzed and illustrated in a traffic model in [31]
and will also be studied in this paper. Vandekerckhove et al. [46] proposed and
demonstrated a similar approach, but applied the healing time backward in time by
fixing the image of the restriction: they solve x = R(M (tskip; L(xp))) for xp first and
then set y = R(M (0 + tskip; £(3))). This gives an (approximate) representation ®7
of the slow flow in the coordinates on the image of the restriction R: ®F(§;z) =
RoM(3%;-) o [R|c] " (x).

The coordinates for the flow on the slow manifold C are somewhat arbitrary as
the difference between the expressions used by Vandekerckhove et al. [46] and the
implicit expression (2.4) for ®; . shows. For the coordinates in the space dom L the
diffeomorphism between dom £ and C is g o £, where g is the stable fiber projection,
as implied by (2.2). The diffeomorphism can be approximately computed by solving
R(M (2tskip; L(24))) = R(M (tskip; L(2))) for 4 and then using M (txip; L(x4)) as the
approximation for [g o £](x). The approximate diffeomorphism for the expression of
Vandekerckhove et al. [46] is [R|e] ™" : & = M (taip; £(2)).

Marschler et al. [31] proved that the approximation y;,,,  is exponentially accurate
if dian/dir — 0 [[Yt,, — Y«ll ~ exp(—Kdi/dian) (for some constant K depending on
tskip). The error estimates in [31] require that teipdian/dy and (tskip + 0)dian/dir
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stay bounded from above such that the convergence result is valid in the limit of
infinite time scale separation dia,/di; — 0. This means that the assumptions of [31]
are similar to those required by schemes involving constrained runs [16, 48, 49]. The
analysis left open if the error goes to zero for ¢, — 0o but the time scale separation
stays finite: dgan/die € (0, 1).

Our paper will prove the general a-priori error estimate that ||y, — vl ~
exp((dyan — dir)tskip) for teip — 00 and fixed dian < diy under some genericity con-
ditions on R and L. It will also give a convergence result for the derivatives of y; .
with respect to its argument @: [0y, — &7 y.|l ~ exp(((2§ + 1)dian — dix)tskip) if
(27 4+ Ddian < diy-

Analysis beyond attracting manifolds in slow-fast systems. As mentioned above,
equation-free analysis based on lift-evolve-restrict maps is more commonly applied
to problems that are assumed to have a fast subsystem, where the fast time scale
converges only in a statistical sense to a stationary measure conditioned on the slow
variables. In these cases the microscopic time stepper M(J;-) operates on measures
(or densities). It may be approximated by Monte Carlo simulations on ensembles
of initial conditions. Barkley et al. [5] investigated the behaviour of the lift-evolve-
restrict map P(J;-) = RoM (4;-) o L where the slow variables were leading moments
(thus, P was called moment map in [5]) on prototype examples from the class of
stochastic problems. The simplest example from [5] is a scalar stochastic differential
equation (SDE), for which the evolution of the probability distribution is governed by
a (linear) Fokker-Planck equation (FPE). Hence, the measure of time-scale separation
is the size of the spectral gap in the right-hand side of the FPE. The analysis in [5]
found that the dynamics of the map P was qualitatively different from the dynamics
of the underlying linear FPE. For example, P was nonlinear and had several coexisting
fixed points for certain choices of time 4.

Our paper will demonstrate for two different lifting operators £ that the ap-
proximation y; ., defined by (2.4), behaves exactly as predicted by our convergence
theorem. In particular, it preserves the metastability features and the linearity of the
flow generated by the FPE, thus, addressing the problems highlighted in [5].

2.1. Outline of results. Section 3 states the precise assumptions (time scale
separation for decay rates tangential and transversal to the invariant manifold C
(dtan < di;) and transversality of R and L) for exponential convergence:

(25) 8jytsk;p - 3jy* ~ CXp(((Zj + 1)dtan - dtr)tskip) for tskip — 00

(using the convention that 9%y = y and assuming that the derivatives up to order
j + 1 exist). Estimate (2.5) predicts that convergence in tgp, is slower for derivatives
of higher order. Section 4 demonstrates the convergence rates in gy for Ytareip and its
first two derivatives with respect to « for a singularly perturbed ODE modelling the
Michaelis-Menten kinetics (which was also used by [16, 48, 49] for illustration). Sec-
tion 5 studies the evolution of densities under a scalar SDE with a double-well potential
drift term also considered by Barkley et al. [5]. We demonstrate global convergence
of implicit equation-free methods for a linear lifting Ly;,. We also demonstrate local
convergence for the nonlinear lifting Lgauss used in [5].

Section 6 discusses differences between observations of the behaviour in the SDE
and the predictions from the theoretical result. These are caused by the numerical
errors in the evaluations of lifting, evolution and restriction and their growth along
trajectories.

We conclude with an outlook on possible consequences of the results on application
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of equation-free methods to Monte-Carlo simulations of multi-particle or agent-based
systems. One important observation is that in some cases increasing the number
of agents or particles does not increase the spectral gap (and, thus, the time scale
separation). Didactic examples where the finiteness of the spectral gap is apparent are
the dynamic networks as considered by Gross and Kevrekidis [18]. The slow system is
an ODE derived from the pair-wise interaction approximation, cutting off an infinite
series of ODEs of higher-order interaction terms. The spectral gap between pair-wise
interaction terms and triplet interaction terms is finite even in the limit of infinitely
large networks.

Thus, the results from Section 3 are potentially applicable to equation-free anal-
ysis of stochastic multi-particle systems, where distributions of microscopic initializa-
tions are studied. This is in contrast to previous convergence results on constrained
runs [16, 48, 49] and implicit lifting [31], which only apply in the limit of infinite time
scale separation.

3. Convergence in the case of finite time-scale separation. We consider
a smooth dynamical system

(3.1) = f(u), uweRP,
where D is large. We assume that the flow M generated by (3.1),
M:RxRP - RP (t;u) — M(t;u)

has a d-dimensional compact relatively invariant manifold C (possibly with boundary).
That is, trajectories M (¢;u) starting in u € C either stay in C for all times ¢ € R, or
they stay in C until they cross the boundary 9C of C. We assume that C is at least
kmax times differentiable. For a point u € C, let us denote by N (u) the d-dimensional
tangent space to C. The following assumption states that attraction transversal to
the manifold C is faster than attraction or expansion tangential to C.

AssuMPTION 3.1 (Hyperbolicity — Separation of time scales and transversal sta-
bility). There exists an open neighborhood U of the manifold C, a (possibly nonlinear)
projection g : U — C (the so-called stable fiber projection), a pair of constants (decay
rates) 0 < dian < dir, and a bound C such that the following two conditions hold.

1. (tangential expansion/attraction rate) For all points u € C on the manifold,
all tangent vectors v1, ..., vy, .. € N(u) and all t € R with M([0,t];u) C C

max

(3-2) 103 M (85 w) v, ..., o, ]| < Cexp(deanlt])l|oal] - .. o]

forallje{1,... knax}-
2. (Stability along transversal fiber projections) For all u € U and all t > 0 with
M([0,t];g(u)) €C

(3-3) 103M (£ w) — 93 M (£ g(w))| < C exp(—tder)||u — g(w)]

for all j € {0,... kmax}-
In (3.2) and (3.3) we use the convention that 8ﬁM is the jth-order partial derivative
of M with respect to its kth argument, and that OYM (j = 0) is the flow M itself.
The norm on the left side of (3.3) is the usual operator norm for the multi-linear
operators 95 M (t,-). The constants C, di, and d;,, are assumed to be independent of
the point w and the time ¢. Assumption (3.2) is also made for negative times t (using
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the convention that M ([0, ¢];u) means M ([t,0];u) for ¢ < 0) such that it is also an
assumption about the inverse of M, when restricted to C: M(—t,-) = M~'(¢t,-). The
constant dy, is the decay rate toward the manifold C, the constant di., is the rate
of attraction and expansion along the flow restricted to C. The main requirement of
Assumption 3.1 is that di; > dian-

Transversality of restriction and lifting. Second, we assume basic compatibility
between

R:UCRP 5 R? the restriction operator,

(3.4) J o
L :dom L C R* - R" the lifting operator,

and the invariant manifold C: the lifting £ should map into the neighborhood U of
C in which the stable fiber projection g is defined, and the restriction R should be
defined on the projection g of the image of £ along the stable fibers:

L(dom £) C U, g(£(dom £)) € domR NC,

In addition to these compatibility conditions, we impose the following two transver-
sality conditions on lifting £ and restriction R.

ASSUMPTION 3.2 (Transversality of R and £).
1. the projection g is a diffeomorphism between rg L = L(dom L) and C. In
particular, for all x € dom £ C R?

rank (,% [9(L(x))] = rank [0g(L(z)) 0 0 L(z)] = d.
2. The map R, restricted to C, is a diffeomorphism between C and R%. In par-
ticular, for all u € C (N (u) is the tangent space to C in u)

dim d R(u)N (u) = d.

Coordinates on the slow manifold C. The maps R and L create two natural ways
to define local coordinate representations on the invariant manifold C, one by a map
from dom L to C, one by a map from C to rg R. For our presentation we choose the
representation in dom £ coordinates:

goL:dom/L C R?— C CRP, z — g(L(x)).

The inverse of g o £ is defined implicitly. Assume that uwg = g(L(xg)) for some
9 € dom£L. Then for u € C near uy the pre-image z = (g o £)"!(u) is found
by solving R(u) = R(g(L(z))) for © ~ x(, which has a locally unique solution by
Assumption 3.2.

We can represent the flow M on C as a flow in dom £, denoting it by ®,:

(35) ®,:RxdomL s domL, ®,.(52) =[(goL) toM(s;-)ogoL](x):=y

(for § € R and = € dom L), where y is given implicitly as solution of a d-dimensional
system of nonlinear equations

(3.6) R(9(L(y))) = R(M (65 g(£L(x))))-

Assumption 3.2 on transversality implies that @, is well defined for small ¢ (since
y = x is a regular solution of (3.6) at 6 = 0). For larger 4, one can break down
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the solution into smaller steps by increasing ¢ gradually from 0 and tracking the
curve y(d) of solutions of (3.6), which is well parametrized by ¢ in every point by
Assumption 3.2. If dom L is simply connected then this continuation approach makes
the implicit solution y used in the definition of ®, unique. Let us define the map

(3.7 P, :R xdomZL > (t,x) — R(M(t; g(L(z)))) € R

This map P, is well defined and invertible for all £ € R and z € dom £ for which
the trajectory s — M(s;g(L(x))) stays in C for all s between 0 and t. The implicit
definition (3.5) of the flow ®, on C has the following form when expressed with the
help of this map P, on dom L:

(3.8) y=o,(0;2) if P.(0;y) = P(0;2).

Since the flow M(J;-) is a diffeomorphism on C, we can replace the times 0 and ¢ in
the above implicit definition with tgip and tskp + 0 for an arbitrary so-called healing
time tsip € R (as long as M ([0, tskipl; g(L£(z))) C C). So, equivalent to (3.8), we have
for toip > 0 with M ([0, tsxip; 9(L£(z))) C C

(3.9) y=0.(0;2) if Piltsip;y) = Pu(tswip + 6; 2).

Convergence Theorem for implicit equation-free computations with finite time-
scale separation. The stable fiber projection g (which is part of the definition of P)
is not known in most practical applications. Thus, implicit equation-free computations
use the explicit macroscopic time-t map P instead of P, in the equation defining y in
(3.9):

(3.10) P :[0,00) x dom L > (t,z) — R(M(t; L(x))) € rg R

such that we may define the approximate flow map

(3.11)

i, : R xdom L > (6,2) — y € dom L, where y solves P(teip;y) = P(tskip + 0;2)

implicitly in a similar way to (3.9). Our general convergence theorem, the following
Theorem 3.3, states that @, is well defined for large t;, (that is, the equation in
(3.11), defining @, implicitly, has a locally unique solution), and that o’ Dy, I8
an approximation of 8?®, of order exp(((2j + 1)dian — dir)tskip) (including j = 0 for
the map @y, ).
THEOREM 3.3 (Convergence of approximate flow map at finite time-scale sepa-
ration).
Let us assume that the microscopic flow M satisfies Assumption 3.1 on time-scale
separation, and that the maps R and L satisfy Assumption 3.2 on transversality.
Let dpmax > 0 and x € dom L be arbitrary. Let us also assume that © € dom L
maps to a point under g o L that keeps a positive distance from the boundary 0C of C
for all times t > —6max under M. That is,

(3.12)  dist(M(t;g(L(x))),0C) > co for allt > —dmax and some given cy > 0.

Then there exists a ty > Omax such that y = @, (6;x) is well defined by (3.11) for

all § € [—Omax, Omax] and tskip > to. The estimate
(3.13) 1051, (85 22) — DB (65 2) || < Cexp(((2] + 1)dgan — i) skip)

holds for all orders j € {0,. .., kmax — 1} satisfying (2§ + 1)dsan < dir. The constant
C depends on dmax and x, but not on tgp.
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Assumption (3.12) in Theorem 3.3 is made to permit arbitrarily large tg, while
still having Assumption 3.1 and Assumption 3.2 uniformly satisfied. If one considers
x € dom L for which the trajectory ¢ — M(t;g(L(x))) leaves C (by crossing the
boundary 0C) then one has to put restrictions on § and ¢, to avoid crossing 9C.
The theorem permits negative integration times ¢ shorter than ¢y < tsp, and positive
integration times larger than ¢, as long as the factor exp(dian|d|) is of order 1. Since
1/dian and 1/d;, are the time scales of the dynamics inside the invariant manifold C
and transversal to it, the theorem covers time steps of length § of order 1 in the
slow (1/dan) time scale. The statement of Theorem 3.3 does not require that the
time-scale separation dtay,/di,y goes to zero for convergence of the approximate map.
It only requires that dia, < dir, where dy, is the attraction rate along fibers (see (3.3))
and di,y is the attraction and expansion rate tangential to the invariant manifold C.
Since the constant C in (3.13) is independent of tgp it can be chosen uniformly for
compact domains dom L.

Outline of proof of Theorem 3.3. Existence and error of @, : For the proof of
Theorem 3.3 we have to analyze the difference between the two defining equations for
the approximate solution y and the true solution y, = ®.(d;z), both depending on x
as a parameter:

(3.14) R(M (tskip; L£(y))) = R(M (tskip + 6; L(2))),
(3.15) R(M (tskip; 9(L(y«)))) = R(M (tsiip + 6; 9(L(2)))).

Rearranging the difference between (3.14) and (3.15), we obtain an implicit fixed-point
problem for y (recall that P, (t;-) = RoM(t;-)ogo L and P(t;-) = RoM(t;-) o L):
(3.16)

P, (tskip; y) =P, (tskip; y*)+[P* (tskip; y)fp(tskip;y)}‘F[P( sk1p+5 x) ( sk1p+§ 1')]

The norms of both terms in square brackets, Pi(tskip;y) — P(tskip; y) and P(tskip +
§;x) — Py(tskip + 05 ), are of order exp(—drtskip) by Assumption 3.1, equation (3.3)
(transversal stability with rate di, of C). For the same reason, the Lipschitz constant
of Py (tskip; y) — P(tskip; y) is of order exp(—di,tskip), t0o. By Assumption 3.1, equa-
tion (3.2) (tangential decay rate inside the manifold is less than di,y,), and Assump-
tion 3.2 on transversality of £ and R, the inverse of P, (skip; ) has a local Lipschitz
constant of order exp(diantskip) near y,. These two facts enable us to apply the Ba-
nach Contraction Mapping Principle to (3.16) to obtain a unique solution y & y. for
large teip. More precisely, y — y. is of order exp((dian — dix)tskip)-

Inductive proof of error estimate for derivatives: We differentiate (3.16) with
respect to x in its fixed point y(¢sip; ) up to j times and then re-arrange the resulting
equation for the jth-order derivatives of ¥ and y, into the form

(3.17) OP,(y) [Py — & y.] = [OP.(y) — OPu(y:)] & yu + 7.

In (3.17) we abbreviated 9 P, (tskip; -) = OPy(-), 3y = 8y(texip; &) and dropped the
argument x from y, and the arguments tq, and x from y. The remainder 7 is less
than Cexp(((2j — 1)dian — dir)tskip) for some constant C' by induction hypothesis.
The implicit expression (3.17) for &7y — &7y, shows why errors in derivatives of the
solution can grow for increasing tskip and insufficient time scale separation: the norms
of OP,(y) — OP,(y.) and of [P, (y)]~" are of order exp(diantskip) due to (3.2). The
details of the proof are given in Appendix A.

4. Example: Michaelis-Menten kinetics. To illustrate the consequences of
error estimate (3.13), we look at a model for Michaelis-Menten kinetics with explicit
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time scale separation as studied in [34, 16, 48, 49]. The system is given in R? with
D=2 as

(4.1) t=¢l-z+(@+r-Ny], y=2—(z+kK)y,

where x € R is the slow variable, y € R is the fast variable, and & measures the
time scale separation. The parameters k = 1,A = 0.5 and € = 0.01 are kept fixed
throughout this section.

In the singular case ¢ = 0, system (4.1) has a critical manifold Cy of equilibria,
given by the graph Cp = {(z,y) : y = z/(z + k)}. For positive e, the system has
a transversally stable invariant manifold, which can be represented as a graph C. =
{(z,y) : y = he(x)}, such that d = 1. In this section we put a subscript € on quantities
to indicate their dependence on the parameter € (so, writing, for example, C. instead
of C). The graph h. can be expanded in ¢ for small € > 0:

x RAT KAZ(26\ — 3A\x — Kk — K?)

(42) y=h(x)= x+/<;+ ($+H)4e+ @tn) 2+ 0(e%).

We plan to compare an equation-free approximate flow ®; . (d;-), which is con-
structed below, to the true flow ®,(d;-). For this simple example we may approximate
the true flow ®,(d;-) by obtaining an approximation of the stable fiber projection g..
For ¢ — 0 in (4.1), g. has the limit g.(x,y) — (z, ho(x)). Thus, every point in phase
space is approximately projected along vertical lines, as shown in Figure 4.1(a). For
positive ¢ this stable fiber projection persists and is perturbed by terms of order €. A
general approximation algorithm for stable fibers in slow-fast systems was provided
by Kristiansen et al. [26]. However, we need the stable fibers only to a degree of ac-
curacy that permits us to compare ®,(d;-) to ®;, (d;-) for demonstration purposes.
Thus, we expand ¢g. = (9z.c(2,y), gy« (x,y)) in €. Since g. projects onto the manifold
C., we know that g, .(z,y) = he(ge.(z,y)). The first-order expansion of g, . is

(ac+/<;f)\)(y71)ac+/<;y€
T+ K

+0().

Gre(T,y) =+

Figure 4.1 was produced using a third-order expansion of h. and g, .. The supple-
mentary material provides Matlab code which reproduces the graphs in Figure 4.1
and computes the expansion coefficients for he and g, . to third order (see also Ap-
pendix B). Figures 4.1(a) and 4.1(c) show the phase space geometry. The slow man-
ifold C. = {(z,y) : © = he(z)} is shown in green, the stable fibers (pre-images of
selected points (xj, he(z;)) on the slow manifold under the projection g.) are the
almost straight grey lines, and some sample trajectories of (4.1) are shown in pur-
ple. After a rapid transient all trajectories approach the slow manifold C., given
approximately by (4.2). Furthermore, Figure 4.1(c) shows in more detail how ini-
tial conditions on the same stable fiber, defined as the pre-image of zy under g, .,
Gpre = {(z,Y) : gue(x,y) = xo}, collapse onto the same slow limiting trajectory (tra-
jectories shown in red in Figure 4.1(c)). In contrast, initial conditions with the same
y-component do so only up to an error of order ¢ (trajectories shown in purple in
Figure 4.1(c)).

To define the approximate flow @, , we specify the restriction and lifting oper-
ators, R and L, for the Michaelis-Menten system as

(4.3) R:R?—R, R (z) =z, and L:R R? L(z) = (0%5> .
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Fic. 4.1. Michaelis-Menten dynamics: panels (a,c,e) for (4.1), panels (b,d,f) for rotated
coordinates (4.7). (a,b): Location of slow manifold C-: = {(x,y) : y = he(x)} and stable fibers
in phase space. (c,d): Trajectories M([0,t0]; Uini) (t0 = 20) starting from two sets Uin; of initial
conditions: once from a subset of a vertical line, and once from a pre-image of a point under the
stable fiber projection (called gpre in the legend). (e, f): Difference of @tskip(é;) to third-order
asymptotic expansion of ®«(8;-) as a function of tep,. Parameters: X = 0.5,k = 1, = 0.01 in
(4.1), x = —0.1 € dom L and 6 = 25 for (ef).

The approximate time-6 map ®;,, (d;-) on the slow manifold is determined by
the root 2, of

(4.4) F:R3 2z R(M(tskip; £(2))) — R(M (tskip + 0; L(z))) € R

and setting @y, (;2) := 24, (cf. (3.11)). We compare this to the true solution (or,
rather, the alternative approximation by expansion) ®.(¢; x), determined by the root
24 of

(4.5) Fo iR 3 2= R(9:(£(2))) — R(M (6 9= (L(2)))) € R,

setting ®,(d;x) := z.. Note, that F' depends on tg;, and 0, and F, depends on ¢,
which are not included in the list of arguments to simplify notation. We solve (4.4) and
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(4.5) using a Newton iteration with tolerance 10~'2, where we approximate M with
the fifth-order component of the DOPRI45 Runge-Kutta scheme with fixed step size
0.1 for the ODE (4.1). We approximate the first two derivatives of ®, and ®;,, (and
the Jacobians needed inside the Newton iteration) by central finite differences with
step size A, = 10~%. The supplementary material contains didactic implementations
of @, and @, for this example in the form of matlab code and its published output.
The error

(4.6) E (taap) = 059, (5; 0) — 6%11’,551“‘) (0;20)] (999 refers to @)

for g = —0.1 and § = 25 is shown in Figure 4.1(e) for a range of healing times
tskip € [0;30]. Since € = 1072 and dian ~ €, the quantity exp(diand) is of order 1, as
required by Theorem 3.3.

The error plot Figure 4.1(e) shows that @, , 0@, and 93P, approach a
limit at an exponential rate in tep up to an accuracy determined by the accuracy
of the asymptotic expansion of @, (~ &%), round-off errors in the finite difference
approximations of the derivatives (~ 107* for 93®,,, ), and the tolerance of the
Newton iteration. Furthermore, the convergence rate is indeed lower for higher orders
of the derivative of ®;, as the estimate (3.13) in Theorem 3.3 suggests. The slope
of exp(—dirtskip) is included as a lower bound for the error for comparison.

We also observe that the error of the flow and its derivatives is acceptably small
(~ 1073) even for the minimal value g, = 0. Since Ro L equals the identity (see
(4.3)), the implicit equation-free method turns into an explicit formulation if ¢, = 0.
However, the geometry of system (4.1) is not generic. The system (4.1) is given in an
explicit slow-fast form with one fast and one slow variable. This leads with our choice
of lifting and restriction to the degenerate situation that the stable fiber projection g.
is aligned with lifting and restriction to first order: R ogg o £ = I such that Rog. o L
is a small (order €) perturbation of the identity. In this case the explicit equation-
free method without healing time (y = R(M(0; L(y))) = R(M(5; L(z))), such that
tskip = 0) is accurate up to order €. To create a situation with a generic arrangement
of the stable fiber projection g., we study a rotated system of the Michaelis-Menten
dynamics (which was also used by [16]).

We apply the rotation matrix R to the system in order to obtain the dynamics
in the new coordinates (v,w)? € R? by

skip skip

(é;?; _p (;) , R= (_1 i) such that My (£ (v, w)7) = RM (8 R~ (2,)")

is the microscopic simulator in the new (v, w)? coordinates. In this rotated system
the time scale separation is no longer visible between v and w, since the slow and
fast variables are mixed. Figure 4.1(b) shows the phase space geometry with slow
manifold (green), stable fibers (grey) and sample trajectories. The initial transients
are no longer following a straight line parallel to a coordinate axis such that both,
v and w, change rapidly during transients. This situation is expected in a generic
situation when one applies equation-free methods without precise knowledge about
the slow and fast variables. We use the same restriction and lifting operators as
defined in (4.3) (but in the new coordinates (v,w): L(z) = (z,0.5)T, R(v,w) = v).
All parameter values are as in the unrotated system (4.1), otherwise. The error E7,
defined in (4.6), is now much larger: it is of order 1 for tqp, = 0; see Figure 4.1(f). In
the implicit framework the error decreases with increasing healing time tgi, down to
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1078 for tekip = 20. Note again that the slope of the curves is smaller for higher-order
derivatives as predicted by the estimate (3.13) in Theorem 3.3. The error for the flow
is bounded from below again by the accuracy of the asymptotic expansion for ®,, the
accuracy of the Newton iteration and round-off error caused by the finite difference

approximations of 8gtl>* and 8§®tskip.

5. Application: stochastic dynamics. A common area where equation-free
methods are applied are multi-particle systems where slow dynamics emerges for
macroscopic (typically averaged) quantities, e. g. [29, 5]. More precisely, the macro-
scopic quantities are assumed to satisfy a low-dimensional stochastic differential equa-
tion (SDE). For example, the SDE could be assumed to be of the form dz = f(z) dt+
o dW;, where the noise term o dW; approximates the microscopic fluctuation as white
noise and the deterministic part f(x) is the systematic average drift of the macroscopic
quantities. Givon et al. [17] review rigorous results concerning dimension reduction
of SDEs.

Typically, a stochastic simulation is performed not just once, but for an ensemble
of initial conditions and realizations (as part of a Monte Carlo simulation). At the
level of an SDE, an ensemble of initial conditions corresponds to (a sampling of) an
initial distribution density p(z). In this section we restrict ourselves to the study of
a scalar SDE of the form

(5.1) dQ = -V'(Q)dt + o dW,,

where W; is a Wiener process, an example for which explicit equation-free methods
have been thoroughly analyzed by Barkley et al. [5]. As in [5], we set the noise
strength o equal to 1 in (5.1) without loss of generality. The potential

_ QY p@?

(5.2) V(Q) VR +vQ,

forms for p > 0 a double well with two local minima @+ and a local maximum Qg (see
lower panel of Figure 5.1 for a graph of V). The parameters p and v determine the
depth and the asymmetry of the double-well potential, respectively. We use p = 6,
v = 0.3 such that Q_ < Qs < Q4 and the well around @Q_ is deeper than the well
around @4+. The microscopic simulation is a Monte Carlo simulation of (5.1) starting
from initial (ensemble) density po(Q) of initial conditions. Thus, the phase space is
the space of possible initial distributions in ), which has dimension D equal to infinity.
Strictly, the infinite-dimensional case is outside of the scope of Theorem 3.3. However,
the observations to follow agree with the convergence predicted by the theorem for
reasons that will be discussed after defining lifting, evolution and restriction. We will
make the connection to multi-particle systems or high-dimensional SDEs in section 6.

5.1. Lifting, evolution and restriction for distributions. The evolution of
the probability density function (pdf) p(Q,t) for the realization of (5.1) is determined
by the Fokker-Planck equation with o = 1,

1
(5.3) 0ip = =0o(V'(Q)p) + 59000
The right-hand side of (5.3) is linear, of the form

1
(5.4) Lp = =0(V'p) + 5950,
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Fic. 5.1. (Top) Dynamics of distributions for SDE model (5.1) for p = 6,v = 0.3,0 = 1
(sampled from N = 10000 realizations). On the microscopic level of distributions, the Gaussian
distributed initial condition (t = 0) with mean 1.5 and variance 3.5 converges to a bimodal distri-
bution by t = 10. Afterwards, the transition to the stationary distribution happens (see mode 1 in
Figure 5.2) on a slow time scale corresponding to the second eigenvalue A2 ~ 108 of the operator
L given in (5.4). (Bottom) Shape of potential well V(Q), as given in (5.2).

2 ——mode 1 | 15 ——adjoint mode 1
~———mode 2 ~———adjoint mode 2
1 mode 3 adjoint mode 3
. mode 4 10
i
0 5
—
-5 0 5 -5 0 5
Q Q

F1G. 5.2. First four eigenfunctions (left panel) and first three L?-adjoint eigenfunctions (right
panel) of the differential operator L, defined in (5.4) and computed with chebfun [10, 14]. The
stationary solution is shown in blue for \1 = 0 as mode 1 in the left panel. The asymmetric
eigenfunction corresponding to A2 (mode 2) is responsible for the transportation of mass from one
well to the other. Figenvalues \j, are given in (5.14): (0,—8.63-1078, —5.71,—10.3). Parameters:
uw =06, v=0.3 0c=1. The approxrimation of the density by Chebyshev polynomials is chosen
automatically by chebfun: the degree is 394 for the left panel and 941 in the right panel.

where the operator L : H(R;R) — L?(R; R) is self-adjoint with respect to the scalar
product

55 (o= [ 2D 0G e 210 = R T

1(Q) rexp(—2V(q))dg’

The space L?(R;R) is in our case the space of all measurable functions u : R — R
with [, u?(x)/¢1(z)dz < oo (a subset of L?(R;R), which has the scalar product
(p1,p2) = [z p1(Q)p2(Q)dQ). The space H(R;R) is the space of all u € L?(R;R)
with ©(9) € L(R;R) for all j < £. The spectrum of L is real and consists of point
spectrum only. It has the form 0 = A\; > A2 > ... with eigenvectors ¢;(Q) € H} (R;R)
that can be orthonormalized with respect to (-,-);. The function ¢, is the eigenvector
for the trivial eigenvalue A\; = 0 (which is present due to the preservation of total
probability [, p(@Q,t) dQ along trajectories). The spectrum and the corresponding
eigenfunctions ¢; are shown in Figure 5.2 (left panel), together with the L2-adjoint
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eigenfunctions ¢;/¢1 (right panel). A solution of the Fokker-Planck equation (5.3)
can be expanded in the eigenfunctions of L with time-dependent coefficients a;(t):

(5.6) P(Q1) =3 a;(1%;(Q)

The coefficients satisfy a,(t) = A\;ja;(t) for all j, and the series E *~, aj converges for
all t > 0. The orthonormality of the basis {¢; : j > 1} with respect to (-, )1, defined
in (5.5), implies that

oo oo
6 [ w@de-t | e@de=0 worjzz
— 00 — 0o

Since A; = 0, a4 (t) equals a; (0) for all times ¢ > 0. One usually chooses a1(0) = 1 such
that p(Q,t) converges to the stationary density p1(Q) for t — co. While Theorem 3.3
was only formulated for flows in R” | the linearity of L implies that statements identical
to Theorem 3.3 can be made for the PDE (5.3). Instead of Fenichel’s Theorem on
invariant manifolds in ODEs [15] (persistence and regularity of invariant manifolds and
fiber projections) we rely on the spectral mapping properties for the linear operator L.
For any chosen dimension d of the slow variables, the slow manifold C is the subspace
spanned by ¢1,...,pq. Instead of the stable fiber projection in the finite-dimensional
case, we have the linear spectral (for L) projection g : L}(R;R) + C (M is also
linear, such that we write M (t)p and gp) which is explicitly known in terms of the
eigenvectors of L:

d
(5.8) L3 (R;R) 3 p > gp Z (07, P)105 € L(p1, ..., 9a) C LI(R;R).

With this definition of C and g the decay and growth properties of the evolution map
M replacing Assumption 3.1 are

(5.9) IM@#)le] < Cexp(Aat)  forallt <0, |[M(#)|e] <C forallt>0

(5.10)
[M(t) — M(t) o gl < Cexp(Agyit) forallt >0

and some constant C, such that dy,, = —Ag, diy = —Agy1. The approximation
statement of Theorem 3.3 then follows immediately from error estimates for finite-
dimensional matrices and will be derived after the definition of the restriction and
lifting operators. The lifting and restriction operators are chosen to map from a
macroscopic description of p, for example, by moments, to the full density p and
vice versa. In particular, we will investigate the behaviour of implicit equation-free
methods for d = 3 using the following restriction and two different lifting operators:

(5.11) R :LI(R;R) — R Rp= (/ Q" 'p(Q) dQ) :
R k=1,....,d

(5.12) Lin : R? = L2(R; R) Liin (z Z zip;(Q

513) Lo iR o L2R:R)  Lomus S
( ) G = 1( ) ) G (x)(Q) mexp
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Thus, R projects a density onto its first d moments (counting from the zeroth mo-
ment, which is preserved by M since A; = 0). In a Monte-Carlo simulation the zeroth
moment would correspond to the (possibly scaled) number of realizations. The func-
tions p; in the definition (5.12) of Ly;, are arbitrary in L3 (R; R) with [; p;(Q)dQ = 1,
which ensures that fR Liin(2)(Q) dQ = E;l:l x; is conserved under M (t). For Lgauss,
the z1 component is preserved under M (t) and becomes the first component of R
such that always [R M (t) Lgauss |1 = Z1.

For the combination of Ly, and R all components of the lift-evolve-restrict map
P(t;-) = RoM(t;-) o £ and its exact counterpart Py (t;-) = RoM(t;-) o g o L from
section 3 are linear such that we can reduce the study of convergence for arbitrary
coordinates x to convergence estimates for matrices.

The combination of Lgauss and R was studied in detail in [5] for explicit equation-
free methods, where the authors observed that the nonlinearity of Lagauss introduced
a nonlinearity in the moment map and that the resulting flow depended qualitatively
on the choice of the healing time tgi,. We will demonstrate that for Lgauss the
implicitly defined flow ®Gauss 1., converges to a nonlinear transformation of the linear
flow M(t)|c. Since the z7 component does not change under P(t;-) and Pi(¢;-) for
L = Lgauss, it can be ignored, making the choice of Lgauss and R identical to the
situation studied in [5].

We use the MATLAB [21] package chebfun [10, 14] to numerically compute the
spectrum and eigenfunctions of L, the flow M, the projection g, restriction and lifting
for the example potential V' given in (5.2). The package chebfun uses Chebyshev
polynomials of adaptive degree to approximate arbitrary functions on finite intervals
to optimal precision. For a typical result, as shown in Figure 5.2 the degree is larger
than 100 (394 for the left panel, 941 for the right panel). The numerically computed
spectrum of L is

(5.14) spec(L) = (A1, A2, A3, Mg, .. .) & (—2.37-107%, —8.63 - 1078, —5.71,-10.3,...)
for V' with the parameters

(5.15) p=6 v=03.

Note that A\; = 0 is the correct value for the first eigenvalue on an infinite domain. In
numerical computations we choose a bounded domain [—10, 10] with Dirichlet bound-
ary conditions, leading to a small probability of escape from the domain. The spec-
trum and the corresponding eigenfunctions ¢; are shown in Figure 5.2. The eigen-
vector 1 corresponds to the stationary solution of the Fokker-Planck equation and
9 is the mode representing escape from one well to another.

5.2. Convergence for the linear lifting operator Ly, with d = 3. We
express the maps P, (t;-) and P(t;-) in terms of M, the eigenvectors ¢; and the scalar
product (-,-)1, initially for a general dimension d. The exact macroscopic flow @, is
defined using the map P.(t;-) in (3.9), and the approximate macroscopic flow @,
is defined using the map P(¢;-) in (3.11). The definitions (5.11) for R and (5.12) for
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Liin imply

d
(5.16) [Piin«(t)z], = [RM(t)g Lim ] = Y ex ()\zt)/Qk L0u(Q) dQ(wr, pj)i;

5%
<.
Il
—_

d
617) [Pilt)el, = R Lonsle = Y | [ @' 00(001@ 00 o

§=0
where k = 1,...,d. Using the d x d matrices (k,¢,7 =1,...,d)
(5.18)
(Thin)e,; = (e, pj)1, Ma(t) = diag [exp(Aet)e=1,...a) s (Ra)k,e = / Q¥ 1pu(Q)dQ
R

we can express the map Py «(t) and the exact slow flow ®y;, .(0) in the form

(519) P]in’*(t)l' = Rde(t)Tlinl‘
(520) (Plin,*((s)x = Hin,*(tskip) Hln *( skip T 5) 11n Md(é)TIinx~

General Assumption 3.2 on transversality of R and £ for Theorem 3.3, when ap-
plied to the SDE (5.1) and R and L}, demands the regularity of the matrices Ry
and Tiin. If both matrices are indeed regular then Py . is invertible: Him*(t)’l =
Tl;lMd(—t)R;l. Thus, the claim of Theorem 3.3 can be simplified to a statement
about perturbations of matrices using the quantities

(5.21)
n(t) = | Pin, () 7| < T35, 1By 'l exp(=Aqt)  for ¢ >0, and
(5.22)
7(t) := || Piin,«(t) — Pin(®)|| < Cexp(Ag+1t) for all t > 0 and a fixed C' > 0.

The estimate for r(t) follows from (5.16) and (5.17):

|[Pin(t)z]), — [Pin,(t !—Z[/RQ’H[ l Ei:w,pg H )dlej

j=0 =1

< Cexp(Ags1t)|xl.

The integrand contains the spectral projection p — p— Zzl:()@g, p;j)pe onto the com-
plement of the space spanned by ¢1,...,94. On the complement of L({®1,...,va4})
the evolution operator M (t) decays exponentially with rate Ag11 in time. Together
with the boundedness of R and the spectral projection, this decay of M(t) implies
estimate (5.22). Since Py (t;-) is linear, the approximate flow map @iy ¢, (6) is given
by

(5.23) Plin, toap (0) = Piin(tskip) ™" Piin (tskip + 0)

assuming the inverse of Pjin(tskip) exists (all involved matrices have dimension d x d).
The linear expressions for the exact flow @y, ., (5.20), and Pyip ¢ (5.23), imply
(5.24)

q)in*(s _q)in ki >
14101(8) = P 1 O] < T

skip?

(tsklp)
Sklp) (tskip)

[ (tskip) [|@1in, ()| + 7 (Eskip + )] -
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=0 || Piin,toys, (0) = Prin,« (9)]|
100 " —o— min(svd P(tskip))
R, A . = = = Cexp((dian — dix)tskip)
o — = = Cexp(—diantskip)
| Prin (tskip) — Plin,« (tskip) ||
C exp(—ditokip)

105 2
107"0L .
0 1 2 3 4
tskip
(a) Convergence of (blinstskip to Piin,«
3

SNN\\\ |

-2
25 \/

log10(time) along trajectories

o o~ W

Xy

(b) Phase portrait of @iy,

FiG. 5.3. Analysis for Ly;, and Plin, ¢4, with d = 3. (a) Matriz norm qu)lin,tsk;p () = Piin, « (9)
and smallest singular value of P(tskip), compared to theoretical exponential estimates. (b): the plot
shows trajectories of ®yin 4 in the (x1,x2)-plane starting on a grid of initial points. The coloring
indicates the time along the trajectory (in logarithmic scale). The black point is the fized point
(see text). Parameters: § = 0.1, p; (j = 1...3) are Gaussians with means —1.5, —0.5 and 1 and
variance 1, shape parameters of potential V are p =6, v = 0.3, see also (5.14) and (5.15).

The exponential estimates r(t) < Cexp(Agy1t) in (5.22) and n(t) < exp(—Agt) in
(5.21) immediately imply the statement of Theorem 3.3 (given that @y, . is globally
bounded).

The semilogarithmic plot in Figure 5.3(a) shows the difference between @y ¢, (0)
and Piin «(0) (blue line with circles) for d = 3, for a linear basis of three Gaussians p;
(with variance 1 and means —1.5, —0.5 and 1), 6 = 0.1 and the double-well potential
well V' with parameters u = 6, v = 0.3. The decay rate inside the slow manifold C =
span(p1, 2, ©3) i dian = —A3 & 5.71 and the attraction rate toward C is dy, = —A\g =
10.3. Figure 5.3(a) also shows the two components of the error @iy, 1., (6) — Piin,«(0)
and their theoretical estimates:
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1. (In yellow) The difference r(tskip) between P (tskip) = R oM (tskip) © Liin and
Piin « (tskip) = R oM (tskip) 090 Liin = RaMg(tskip)Tiin, which decays according
to the attraction toward C until it reaches the limits of numerical accuracy of
chebfun (N 10_8): ||-P1in(tskip) - Plin,*(tskip)” ~ exp(_dtrtskip)-

2. (In red) The norm n(tsip) of the inverse of Py (tskip), which grows like
exp(diantskip). Figure 5.3(a) shows the inverse (the minimal singular value).

The overall error (5.24) is approximately the product of these two components, which
is proportional to exp((dsan — dir)tskip) (shown as a blue dashed line in Figure 5.3(a)).
In particular, the combination of || P« (tskip) !l ~ exp(dantskip)s || Piin(tskip) —
Piin « (tskip) || ~ exp(—dirtskip) and dian < dyr implies that Py, (tskip) is invertible for
sufficiently large tsxip and that || Pin (tskip) "' || ~ exp(dantskip)-

Figure 5.3(b) shows a phase portrait of the exact flow in the coordinates in

dom Lyin. Since Ppin » and Piip ¢ both preserve the quantity Z;l:l x; (which cor-

skip
responds to [, Liin(2)(Q) dQ), we set x3 = 1 — 1 — 22 in the initial values for the
sample trajectories, keeping Z;l:l x; = 1 along trajectories without loss of general-
ity. This leads to an affine flow in the (z1,z2)-plane with a non-trivial fixed point
(shown in black in Figure 5.3(b)). The coloring along the sample trajectories illus-
trates the extreme difference in the time scale along the directions corresponding to
A2 (& —1077; escape between wells), mostly evolving on time scales > 10* (dark red
in Figure 5.3(b)), and A3 (= —b5.71; relaxation into the nearest well), mostly decaying
on time scale of order 1 and less (blue and light blue in Figure 5.3(b)).

Remark: Densities with sign changes in subsection 5.2. The phase portrait Fig-
ure 5.3(b) of the exact flow @iy . includes coordinates © = (x4, 2, 3) where the lifted
initial density Ly, (2) has sign changes. This is not unphysical. If one performs Monte
Carlo simulations with ensembles on the example with the lifting operator Ly, (z),
one would run a Monte Carlo simulation on an ensemble for each of the three initial
densities p;. Then one would sum the densities at the end of the simulation with the
weights z; (j =1,...,3). These weights can be negative to get a combined density.

15 r 12 20
(a) / \ —— (2, LGauss())1 = const o | (b)
\ e — {3, LGauss (¥))1 = const .
e > | \~ / 10 P1
\ 3 " 5 10
S &=
(=]
10 8 & 5
S ~ ? 0
] 6 g 0 o 5 0 5 10
g - § > x10
o 4 ”g (C)
i 0
2 s
P1
0 -4
10 5 0 5 10
zo (mean) Q

F1G. 5.4. (a) Contour curves in coordinates in dom LGauss and condition of 0TGauss =
0lg LGauss]- The piece of trajectory from x to yx = Pgauss,«(d;x) with § = 0.1 is used for con-
vergence analysis in subsection 5.3. (b) Profile of ¢3(Q)/¢1(Q) in Q. Note that away from its peak
around 0, the profile is slightly negative (see zoom in panel (c¢)). Parameters: p =6, v =0.3.
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5.3. Convergence for the nonlinear lifting operator Lg..s. The exact
and approximate lift-evolve-restrict maps for lifting with a Gaussian distribution of
mass x1, mean xo and variance zs, of the form Lgauss(z) = ¢ — x1exp(—(¢ —

22)?/(223))/\/27x3, are given by
PGauss,*(t; x)k = [RM(t)g 'CGauss(x)]k

3
(5.25) = Y exp(t) [ Q4@ dQpr Lmns()
=1 R
(526) PGa.uss(t; x)k = [RM(t) Lcauss (x)]}g = /RQk_lM(t) Lcauss (1}) dQ7

where k = 1,...,d (d = 3). The flow M(t) preserves the integral of the initial
distribution such that Pgayss(t;2)1 = 21 and Pgauss«(t; )1 = x1. Thus, we can fix
x1 = 1 without loss of generality and focus on the dynamics in the (z2,x3)-plane in
dom ‘CGauss-

Phase portrait of the evact flow ®Pgauss,«- The exact flow ®gayes,« on C in the
coordinates of dom Lgauss 18 a nonlinear transformation of the linear map My(t) =
diag [exp(Aet);={] : R? — R?, defined in (5.18) (with d = 3). We call the nonlinear
transformation

(527) TGauss : RB — R3 TGauss(x)k = <90k7 L:Gauss(l'»l (k = ]-, ey 3)

In particular Tgauss()1 = o1 by construction. Using Tgauss, Mg and the matrix Ry
(defined in (5.18)), the map Pgauss,«(t; ), and the exact flow ®qauss .« are given by
(using the notation Téaluss for the inverse of the nonlinear map TGauss)

PGauss,*(t; -T) = Rde(t)TGauss(m)v

(5.28) o
CI)(‘:'.auss?:k (67 .’IJ) - TGauss(Md((S)TGauss(-r))a

where all involved quantities are maps from R? to R3. Since the map Tqauss iS
nonlinear, it is not clear if the inverse exists for all € R3, or if it is unique where
it exists. Figure 5.4(a) shows the contours of Tqauss(2)2 (in black) and Tgauss(2)s3
(in blue; remember that Tqauss(z)1 = 1), and the norm of [0Tgauss(z)] ™! as color
shading (in logarithmic scale). Since the difference in time scale between motion
along ¢2 and motion along ¢3 is large (0 > Ay > A3), the flow ®gauss « follows the
black curves in the direction of the arrow until it reaches the zero-level of Tgauss(2)3
(slightly wider blue curve, only visible close to the bottom of Figure 5.4(a)).
Near-singularity of Tgauss- The zero curve {x : Tgauss(x)s = 0} in the (z2,z3)
plane (wide blue in Figure 5.4(a)) is given by [, Laauss(2)(Q)e3(Q)/¢1(Q)dQ = 0,
where Lgauss() is a Gaussian of mean x5 and variance x3 and ¢3(Q)/¢1(Q) is shown
in Figure 5.4(b,c). From the profile of @3/ it is clear that the zero-level forms a
single curve connecting the two pieces of the wide blue curve {x : Tgauss(z)s = 0}
visible in Figure 5.4(a). However, this curve has a large radius (passing through the
region x3 > 1). For example, there exists a Gaussian u = Lgauss() with mean
x9 = 0 and large variance x3 such that Taauss(2)s = 0, because p3/¢1 is negative
everywhere outside its peak, but the negative values have small modulus (note the
scaling of the vertical axis in the zoom of ¢3/p1 in Figure 5.4(c)). The fixed point of
T — PGauss,«(0; ) (assuming z; = 1) is the intersection of the two zero-level curves
(not visible in Figure 5.4(a) as it has large x3). The color shading in Figure 5.4(a)
indicates that the nonlinear transformation Tgauss 1S nearly singular close to the line
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x3 = 0, because the L2-adjoint modes p2/¢1 and @3/p; are both nearly constant
away from the region around @ € [—2,2] (see Figure 5.2, right panel) such that, when
inverting TGauss, the mean x5 is very sensitive for small changes in the coefficients for
the L2-adjoint modes ¢2/¢1 and ¢3/¢; .

Components of error ®Gauss,ty, — Paauss,«- We perform a detailed convergence
analysis along the example trajectory of the exact flow ®qauss, « shown in Figure 5.4(a):
Ve = PGauss «(0;2), where z = (1,0.5,2)T and § = 0.1 (thus, y. ~ (1,0.8459,6.4556)7).
To understand the factors entering the practically achievable lower limit of the error

error: [|yg, — Y«

residual in yy,,.0 [[res(ye.,, )|l

residual in a: [|ress(x)||

residual in yq,,, after healing: ||M(tswip)res(y,g, )|l
residual in z after healing: || Mg(tsip)ress(z)||
correction in final iteration

BEER

F1G. 5.5. Convergence analysis along trajectory yx = Pgauss,«(9; ), shown in Figure 5.4 (a).
Parameters: =6, v=0.3,5 =0.1, z = (1,0.5,2)T.

||ytskip —ys| = ||<I>Gauss¢skip (0; ) — Pgauss,« (9; ) ||, we consider again the identity (3.16)
used in the proof of Theorem 3.3:

(5:29)  Pu(tskip; ytskip) = Py(tskip; y=)+
[Px (tskip; ytskip) — P(tskip; ytskip)] + [P(tskip + ;) — Pi(tskip + 65 2)],

but re-arrange it using the concrete expressions for Pgauss,« and Pgauss:

(5.30)

RaMg(tsxip) Taauss (Vtoa,) = RaMa(tskip) Taauss(Ys) - - -
+ [RaMa(tskip) Tcauss (Yiwa,) — R M (tskip) Laauss Yo, )]
+ [R M (tskip + 0) Lcauss () — RaMa(tskip + 6)TGauss ()]

Since the matrices Rq and My(tskip) are invertible, we can apply their inverses to both
sides in (5.30). For a general distribution p, the composition of R;' and R

Trp : L3(R;R) — R3 Trp=R;'Rp=R;" [/ Q" 'p(Q) dQ]
R k=1,2,3

is a projection onto the slow manifold C in the coordinates (1, 2, p3). Furthermore,
the nonlinear map Tgauss 1S locally invertible in y, (and, hence, also in Ytorips if Ytorcip
is near y,). Its Jacobian is invertible in y, with a moderate norm of its inverse
I[0TGauss (y+)] 71| & 10 for the chosen y.. Hence, the identity (5.30) can be written
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in the form

TGauss (ytsk;p) = TGausS (y*) +.
(5.31) TGauss (Ytaap) — Ma(—tskip) TRM (tskip) Lcauss (Yta,) T - -

res(ytskip)

Md(*tskip)TRM(tskip + 5) LGauss (I) - Md((g)TGauss(l') .

ress ()

The two residual terms on the right-hand side, labelled res(y;,,,,) and ress(z), are
the two contributions to the error, before it gets amplified by a moderate factor
(1[0TGauss(y+)] || & 10) when inverting Tgauss- The spectral properties of the flow
M ensure that

Md(t)TGauss(n) - TRM(t) EGauss (n) ~ eXp(_dtrt)a

where dy; = —A4 &~ 10.3. Applying this estimate to n = y; . and t = tup,
and to n = x and t = tgqp, + § gives the asymptotics ~ exp(—diptskip) In tskip for
M (tskip) res(Yt.g,) and Mg (tsgp) ress(x), shown in Figure 5.5 (red and blue curves
with circles). The healed residuals Mg(tskip) res(ye,,,,) and Mg(tskip) ress(z) indeed
decay with rate di, until computational errors for computing the distributions dom-
inate (in this case 107%). The matrix Mgy(tsip) ™' = Ma(—taip) has norm of or-
der exp(diantskip) (where dian = —A3 &~ 5.71; see grey dashed line sloping up-
ward in Figure 5.5) such that the residuals res(y:,,, ) and ress(x) are of order ~
exp((dsan — dir)tskip) (blue and red curves with + marks in Figure 5.5). The residuals
indeed decrease with rate di, — dian for increasing teyip, until the amplification of the
computational errors by exp(diantskip) starts to dominate (at teip =~ 2). The true
error ¥y . — ¥» (shown in black in Figure 5.5) is then amplified approximately by
the norm of ||[0TGauss(¥«)] || = 10, because the residuals res and ress occur on the
manifold C (in the coordinates (@1, 2, ¢s3)), while the error y; . — y. is defined in
dom L. The relation between the error vy, — y« and the residual errors is indepen-
dent of tgip. Overall, the error Ytap — Y+ decays with rate dy — dyan asymptotically
for increasing tgkip, but the computational error grows with rate dian. The optimal
healing time tsyip, is when both errors are of the same order of magnitude.

The identity (5.31) becomes a nonlinear fixed-point problem after applying 7t aluss,
for which the right-hand side is a contraction for sufficiently large tsxip (see the proof
of Theorem 3.3). For Figure 5.5 we applied this fixed-point iteration. The final fixed-
point iteration correction (shown as a yellow curve in Figure 5.5 is always smaller
than the error y .. — Y«

5.4. The size of computational errors in ensemble computations. The
results shown in Figures 5.3(a) and 5.5 show the qualitative behaviour of implicit
lifting for increasing tskip. Two sources contribute to the overall error. One source is
the mismatch between the trajectory started from the lifted point and the projected
(along the stable fiber) trajectory on the slow manifold. The size of this contribution
is estimated in Theorem 3.3 as decaying with rate di, — dyan With increasing ¢, (also
observed in Figures 5.3(a) and 5.5). The other source is the limited accuracy in the
computations of the lifting £, the microscopic flow M and the restriction R. Errors
introduced from this limited accuracy grow with rate dia, for increasing tei,. The
analysis in Figures 5.3(a) and 5.5 illustrates the trade-off between these two sources
of error when the computational error is small (=~ 10~%, using chebfun [10, 14]).
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If the microscopic flow M describes a multi-particle or high-dimensional stochastic
system and is estimated using ensembles of realizations then the computational error
of the flow estimate (and, possibly, the computation of £ and R) is determined by
the ensemble size N. This error decreases asymptotically like 1/ VN for increasing
N, unless one is able to apply variance reduction techniques (see, for example, [3]
for a technique to reduce noise in the computations of Jacobians needed to solve
nonlinear systems). In this section we demonstrate that the error behavior can be
expected to be qualitatively the same as in Figures 5.3(a) and 5.5, but with stricter
limitations on tg, due to larger computational errors in £, R, and the flow M. To
keep the computations simple and comparable to the previous subsection, we perform
a Monte-Carlo simulation directly for the SDE (5.1).

Figure 5.6(a) shows the overall behaviour of the error when performing compu-
tations based on random ensembles of finite size NV, using the lifting operator Lgauss,
based on Gaussians. For an ensemble size N, mean () and we create a random set of
initial conditions

(5.32) [L(N,Q,var Q)], = Q + /var Qn, n=1...,N

where 7 ~ A(0,1) is a random variable drawn from a standard normal distribution
for each n. An ensemble of N realizations at positions @, is restricted according to

N

(5.33) R(@Qun=r), =D Q5" (k=1,23).

n=1

Similar, to the definitions (5.11) and (5.13), the first component of the argument to
L and of the output of R is the number of realizations, which is preserved. In order
to solve (5.1) numerically, we use the Euler-Maruyama scheme

(5.34) Qnt+h) = Qun(t) + F(Qu(t)h + Vhotn(t) (n=1,...,N),

where h = 0.01 is the step size, f = —09oV and &, ~ N(0,1) is standard normal
random noise that is uncorrelated, i. e. (£, (¢)&,(¢')) = 0(t — ).

The error for each tgp in Figure 5.6(a) was estimated by comparing the value
of @Gauss,tuy, (03 7) t0 the value Pgauss, i, (9;2) for the largest top (called tpax,
equalling 1). Thus, the value of ¢, at which the error starts to grow and the growth
rate may not have been captured accurately. However, we observe an exponential
decay with increasing ¢k, over approximately two orders of magnitude and the more
stringent limitation on Zip, as the error stops decreasing at tgki, ~ 0.6.

Two problems limit the computational accuracy of function evaluations.

1. In Monte Carlo simulations with ensemble size N the evaluation of the macro-
scopic lift-evolve-restrict map P(t;-) of the dynamics is noisy in (Q,var Q).
This is due to the inherent noise in (5.1) and due to the noise in the lifting
procedure (5.32). Hence the evaluation of P with the same input parameters
might yield different outputs. The result of P is a random variable with an
ensemble-dependent distribution (see Figure 5.6(b), where the distribution of
the second component (the mean) of P(1; (N, —0.5,0.2)) is shown for a range
of N). The standard deviation of P decreases with the ensemble size like
~1/V/N.

2. Function evaluations for large var () become computationally difficult since a
large var @ implies sampling of trajectories far away from the minima of the
potential. Since the potential is steep away from the minima, the drift forces
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FIG. 5.6. (a) Error analysis for N = 10", h = 1072, 4 = 6,v = 0.3,0 = 1, § = 0.1, similar to
Figure 4.1(f) for two different starting values (N, Q,var Q) = (107,0.5,2) and (107, —-0.5,0.2). The
initial error is larger for the value with a larger variance. With increasing teiip, the error shrinks
with the same exponential rate for both initial conditions. (b) Distribution of function evaluations
of the lift-evolve-restrict map R(M (t; L(Q,var Q)))2/N for t = 1 and various ensemble sizes N and
(Q,var Q) = (—0.5,0.2). Inset: the uncertainty of the function evaluation scales as ~ 1/v/N.

V' become large, which results in stability problems of the numerical scheme

(5.34) for a fixed step size h.
When solving P(tskip;y) = P(tskip + 0;2) for y in the analysis in Figure 5.6(a) we
use a Newton iteration with damping v = 0.5 on the macroscopic level with tolerance
tol = 5102 where Jacobians are computed by a central finite-difference scheme
with AQ = Avar@Q = 5-1072. The ensemble size is N = 107. The level of the
minimal error is limited by the finite ensemble size N and the accuracy of function
evaluations and approximations of the Jacobian in the Newton iterations (see [3] how
the accuracy of the Jacobians can be improved).

6. Discussion.

6.1. General estimate for the influence of evaluation errors. While the
theoretical convergence result in Theorem 3.3 appears to suggest that a larger tgip
always leads to a smaller error, the demonstrations for the Michaelis-Menten kinetics
model in section 4 and the SDE in section 5 illustrate that there is a trade-off and,
hence, an optimal value for ¢, in practice. One source for the difference between
the estimates of Theorem 3.3 and numerical observations are numerical errors in the
evaluation of lifting £, evolution M (¢;-) and restriction R. The effect of these errors
grow along trajectories inside the slow manifold C if the vector field tangent to C
has non-zero expansion rates forward or backward in time. This becomes clear when
looking at the arguments in the proof of Theorem 3.3. The approximate solution y;,,,
is the fixed point of the map (see Equation (A.9))

(61) Y = P*(tskip;')_1(P*(tskip;y*)+

[P(tskip; y) - P*(tskip; y)] + [P(tskip + 6; LL‘) - P* (tskip + 5; SL‘)])

According to Theorem 3.3, yz,.. — Y« ~ exP((dsan — dir)tskip), Where diay is defined as

max{d} ,dr, .}, the maximum of the forward (d,) and backward (d,,,) expansion
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rate of the flow M| tangential to C, and dy, is the rate of attraction transversal to C.
However, if we take into account evaluation errors, we have to distinguish between the
exact and approximate operators. That is, Py (t;-) equals RoM (t;-)|c 0 g o L (recall
that g is the stable fiber projection) and P(¢;-) equals Ra oMa(t;-) o Lo where we
use the subscript A to indicate that the operator is affected by small errors. For LA
and Ra this means simply that they are perturbations of £ and R of size A. The
evaluation error in M along trajectories in C causes errors of size

1M (t:)le = Ma(t;)lell ~ Aexp(diyt) for t >0,
[M(t;-)le = Ma(t;-)lell ~ Aexp(—dint) for £ <0.

These errors in £a, Ra and Ma(t;-) are all part of the term P(tgip + d;2) in (6.1))
such that the error grows for increasing ¢, at the rate

| P(taip + 05 2) — Pultskip + 6 2) || ~ A exp(di, toxip),

which gets then amplified by the expansion rate of M(—tuip;-)|c when applying
Py (tskip; -)~'. Thus, there will be an error between the exact fixed point of the map
(6.1) and the fixed point with evaluation errors. This error is of order A exp((d;f, +
dian)tskip), Which is growing exponentially in tg,. This is visible in all computational
results:
e In the Michaelis-Menten kinetics model in section 4 the error A is of order
10710 and dyay is of order & (which is 1072) such that the growth of the error
with teyip is not visible in the range of t;p between 0 and 30 in Figures 4.1(e)
and 4.1(f).
e For the stochastic differential equation in section 5, d; is zero and d,, =
—A3 =~ 5.71. For Figures 5.3(a) and 5.5 we computed the evolution of den-
sities directly using the Fokker-Plank equation and chebfun such that the
evaluation error A is of the order 10~® (visible as the lower bound on the
residuals || Piin (tskip) — Plin,« (tskip) || in Figure 5.3(a) and in the residuals after
healing in Figure 5.5). Thus, the overall influence of the evaluation error is of
order A exp(tskipdian). The amplification factor reaches ~ 10° for tskip = 2.
In Figure 5.3(a) evaluation errors dominate only from tep ~ 3, while in
Figure 5.5 they dominate from ¢, ~ 2.5.
e In Figure 5.6(a) the growth rate of the evaluation error is the same as in
Figure 5.5, but the basic evaluation error of a single time step of Ma (t,-) and
the lifting £ is larger (as they are generated from ensembles): A ~ 10735
for ensemble size N = 107. Thus, the effects of evaluation error start to
dominate already for typ, ~ 0.7. With smaller, more realistic, ensemble sizes
the restriction on 4., posed by evaluation errors will be even more severe.
Since the necessary length of g to reduce the projection error yy .. — v«
(from Theorem 3.3) is dictated by d,, — di:, we have a general approximate

tan
optimal healing time for positive evaluation errors A of the order

—log A

bskip ~ —4————
p I )
dtan + dtr

resulting in an optimal error of the order

maX{Ae(dj;n-'rd;an)tskip’e(d;n—dcr)tskip} ~ AP with p= dtr_ifn
dir + dtan
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In the limit of large time scale separation (di,/di, — 0) the power p of the
error reaches 1 and the optimal ¢, is of order —log A/dy,.

6.2. Consequences for equation-free analysis of stochastic systems. The
lift-evolve-restrict map Pgauss(t;+) in section 5 reduced the SDE d@Q = —V'(Q) +
o dW; (or, more precisely, its Fokker-Planck equation) to the slow manifold (a linear
subspace) spanned by its first 3 modes. Barkley et al [5] observed that the map
Piauss(t; ) (called moment map in [5]) is nonlinear and, hence, suspected that the
nonlinearity of Pgauss may be the object of interest for nonlinear analysis (such as
finding multiple equilibria, bifurcations under parameter changes, etc). However, as
equation (5.28) shows, the exact flow map ®qauss«(d;-) of the low-order moments
is still a nonlinear transformation (by TGauss) of a linear map such that there is
no nonlinear dynamic behaviour present. More precisely, the phase portrait of the
exact flow map Pgauss,«(0;-) is topologically conjugate to the phase portrait of a
linear system. Since the approximate flow ®qauss,t.q, (0;-), computed with Pgauss,
converges t0 Paauss«(0;-) for tgip — oo we do not expect nonlinear behavior for
D Gauss,toq, cither.

This raises the question what the natural nonlinearity of the underlying system
is in the case of equation-free methods applied to stochastic systems.

10

ol 1 =1 (mass)
x3 = 0.04 (variance)
516 = 1073 (time step)
ok
A
ezT ‘I’gauss.*(;;ﬂ’/')—-’lf .
2t
4t
5}
st
04 2 A 0 1 2 3

zo (mean)

Fic. 6.1. Apparent one-dimensional nonlinear phase portrait after projection of the nonlinearly
transformed two-dimensional phase portrait for ®Gauss,«(0; ) in Figure 5.4(a) onto the horizontal
line with variance x3 = 0.04 (similar to Figure 14 (left) of Barkley et al. [5]). For healing time teyip
with 1/A3 < tsip < 1/A2(= 109), the approzimate flow PGauss, by, approzimates the ezact flow
Pauss,« accurately on the eigenspace of L corresponding to the 3 dominant eigenvalues, but not on
the smaller space for the 2 dominant eigenvalues. Other parameters: u = 6, v = 0.3, § = 1073,
x1 =1, 23 =4x 1072,

6.2.1. Artificial nonlinearity. Since the Fokker-Planck equation is linear, the
apparent nonlinear dynamics arises only due to artificial projections of nonlinearly
transformed phase portraits of the linear Fokker-Planck equation when the healing
time tgip is not sufficiently large. For example, let us consider again the SDE with
lifting to a Gaussian distribution from subsection 5.3. What happens if we choose
a moment map for only the zeroth and first moment but an insufficiently large tqip
(which would have to be ~ 1/Ay ~ 10° to make Theorem 3.3 applicable)? For
illustration we choose a lifting to near-delta Gaussian distributions, similar to [5].
In the notation from subsection 5.3 this means that we keep 27 equal to 1 (mass),
vary xz (mean) between —3 and 3, and keep 3 < 1 (variance) fixed (x3 = 0.04 for
the illustration in Figure 6.1). The restriction is then the projection on the zeroth
and first moment. If the healing time g, satisfies 1/A3 < taip < 1/A2 (instead
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of tskip ~ 1/A2), then we obtain for the approximate flow ®gausst.., @ projection of
the phase portrait Figure 5.4(a) onto the line with z3 = 0.04. Figure 6.1 shows this
projected phase portrait (arrows on the z-axis) and the associated right-hand side (in
blue). It resembles a phase portrait of a scalar ODE with two coexisting stable fixed
points, separated by an unstable fixed point. Of course, this nonlinearity is created
artificially by projecting the accurate nonlinearly transformed two-dimensional phase
portrait of a linear system onto an arbitrarily chosen line in R2.

6.2.2. Reduction of high-dimensional SDEs. While in high-dimensional
SDEs there is at first sight no obvious nonlinearity present in the evolution of den-
sities (see Fokker-Planck equation (5.3)), the reduction to low-order moments of a
multi-particle system with randomness still gives a valid dimension reduction proce-
dure. We give an informal outline of the argument for a particularly simple case in
which dimension reduction is in theory possible according to Givon et al. [17] (see
also textbook [36]).

Let us assume that the simulation (say, an agent-based simulation) can be mod-
elled by a high-dimensional SDE (which is the microscopic model)

(6.2) du = F(u)dt + o, dW, 4,

where 4 € R™ and (to keep the argument simple) o, is constant and regular, and
W+ are n, independent instances of Brownian motion. Let us also assume that
there exist coordinates (z,y) € R™ x R™ (ng +n, = n,) for u such that in these
coordinates we have a time scale separation:

(6.3) doe =ef(z,y) dt + Veo, AW, 4, dy = g(z,y) dt + o, AW, 4,

and that for each x the random variable y converges to its stationary density with rate
of order 1 (fast). Let vo(x,y) be the nullvector of the Fokker-Planck operator of the
fast subsystem of (6.3), p — Lop = %[%UyTayayp — gp], with [vg(z,y)dy = 1. Any
function of the form wvo(z, y)p. () is also a nullvector of Lg. If (e, p) (with O(N) = 1)
is an eigenpair of the Fokker-Planck operator Lo+eL; with Lip = 696[%0509689619— 1l
for the combined system (6.3) in (z,y) coordinates, then A = \g + O(¢), p(x,y) =
vo(x, y)pz () + O(e), where (eAg,p;) is an eigenpair of the of the right-hand side of
the Fokker-Planck equation for the reduced SDE

(6.4) dz = ef(x) dt + EG,(x) AW, .

In (6.4) f(z) = [ f(z,y)vo(z,y)dy is the conditional expectation with respect to x

of the drift in z and &,(z) = o, [ [ vo(w,y) dy/2] /2 is the standard deviation of z in
the stationary distribution of y. Consequently, performing equation-free analysis on
the high-dimensional SDE (6.3) using a small number d of variables gives the same
results as equation-free analysis on the reduced system (6.4) (up to order £2).

Givon et al. [17] discuss dimension reduction more generally (independent of
explicit spatial coordinates = and y) for Fokker-Planck operators of the form Lo +
eLq, assuming that the linear operator Ly has a non-trivial kernel (dimension greater
than 1, implying that ¢ is a singular perturbation parameter). Hence, equation-free-
analysis based on implicit lifting and sufficiently large healing times can be used
to perform closure-on-demand, as described in [25], rigorously. Convergence of the
approximate system created by lift-evolve-restrict maps to the Fokker-Planck operator
of the reduced system (6.4) occurs in the sense of classical singular perturbation
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theory toward an attracting low-dimensional linear invariant subspace of densities in
the domain of definition of Ly + L1, as ensured by Theorem 3.3 for sufficiently large
healing times tsxip.

For the case that the high-dimensional SDE consists of a large number N of
random variables (for example, describing agents) our analysis in section 5 and the
above discussion raise an important point. Applying the equation-free procedure to
initial densities and the Fokker-Planck operator Lo + €L; does not reduce the high-
dimensional SDE to a low-dimensional SDE, but it reduces the high-dimensional SDE
to a low-dimensional linear ODE for the coefficients of the leading modes of the Fokker-
Planck equation. Hence, increasing the number of variables N (e.g., agents) does not
increase the spectral gap or the time scale separation. This is obvious for the simple
SDE example in section 5: decreasing the noise level will let Ay /A3 converge to 0 (the
time scale for escape from one well to the other), but A3/\4 will remain approximately
1/2. Hence, we need the convergence result for finite time scale separation to prove
validity of the model reduction. Results for sufficiently large time scale separation
such as those by Zagaris et al. [16, 48, 49] (using, for example, constrained runs) and
Marschler et al. [31] are not applicable to equation-free methods operating on Fokker-
Planck equations, if the aim is to extract the decay rate or shape of the dominant
modes of the Fokker-Planck equation.

In summary, one possible work flow for analysing a high-dimensional SDE with
generator splittable as Lo 4+ L, with equation-free methods is: (1) use the equation-
free moment map to determine properties of the leading d eigenmodes ¢; and eigen-
values A; of Ly + eLq; (2) if these ; and \; are also the leading eigenmodes and
eigenvalues to an operator L; for a Fokker-Planck equation of a low-dimensional
SDE, identify the properties of L; from the modes (for example, singular points of
the potential).

7. Outlook. The arguments in section 5, studying the simple scalar SDE d@Q =
—V’(Q) dt + dW;, and the discussion in subsection 6.2 treat SDEs as linear evolution
equations for densities. The sections below outline how one may have to modify the
arguments of Theorem 3.3 for other tasks of equation-free analysis, which are beyond
the scope of this paper.

7.1. Bifurcation analysis for the drift of the reduced system. Assume
that we have access to a simulator of a system that can be modelled by a high-
dimensional SDEs of type (6.2),

(7.1) du = F(u) + o, AW, 4,

with time-scale separation as in (6.3). A sensible object for nonlinear equation-free
analysis is a bifurcation analysis of the deterministic part £ = f(z) of the reduced
SDE (6.4),

(7.2) de = f(z)dt + o, AWy 4,

assuming a reduction as discussed in subsection 6.2.2 is possible. For example, one
may want to determine its phase portraits and their parameter dependence. If one had
a direct simulator of the low-dimensional reduced SDE (7.2), one could approximate
f in any given g € R™ via

~ 1

(7.3) f(wo) = Lim E[EXCS — 0],
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where X (a random variable in R™=) is the solution of the SDE (7.2) at time § starting
from the deterministic zg, and FXs € R"* is its expectation.

Equation-free analysis based on a lift-evolve-restrict map P with healing time pro-
vides an approximation for (7.3) if only a simulation of the high-dimensional SDE (7.1)
is available. The healing time permits the fast variable y to settle to its stationary
density vo(z,y) before one measures f. Since the slow-fast coordinate split of u into
z and y is unknown, one has to define a lifting £ and a restriction R between R™~
and the space of random variables U in R™x.

Let us assume that the lift £L(z1) of 2, € R is a random variable Uy in R™ with
density pg on R™. The SDE (7.1) creates a Markov process t — U; for t > 0. Let
us consider a restriction R of a random variable U, that is the expectation ER(U;)
of a map R : R™ +— R". Thus, the lift-evolve-restrict map P : R x R"* +— R"=
is P(t;zr) = E[R(U)|Up = L(zr)]. A good approximation of the deterministic
part of the slow flow (in zj coordinates) would not be (y — xzg)/d where y is the
solution of P(teip + 0;20) = P(tskip; ). Rather, a possible construction is to define
xgr = P(tsip; 1) and then compute

(7.4)  fr(zp) =~ % (E {R(Utskiw) R(Uy,,) = xg and Uy = E(a:L)] - xR> .

This means that one first solves the SDE for the healing time ¢y, then increases time
to tskip + 0, and uses the conditional expectation of R(Uy,,, +s), with the condition
that R(Uy,,,) = zr. This conditional expectation enters the difference quotient for

fr(zz), which is otherwise similar to (7.3). Constructions of the form (7.4) do not
fit into the framework of Theorem 3.3. Still, we conjecture that the function fz,
approximates f (up to a coordinate change from z, to x) for sufficiently small § and
large tekip. The approximation will become accurate only in the limit of large time
scale separation for a set of n, slow variables (in contrast to Theorem 3.3), but we
need only genericity conditions on £ and R.

7.2. Averaging deterministic high-dimensional systems. There is still an-
other gap to applications for multi-particle systems, which are commonly deterministic
at the microscopic level. For example, Barkley et al. [5] used the scalar SDE (5.1) as
a simple model for a heat bath problem where the position @ of a heavy particle of
mass M and generalized coordinates (@, P) is coupled to a heat bath of N smaller
particles of masses m; and generalized coordinates (g;,p;) for ¢ = 1,..., N. The full
system in [5] was described by the Hamiltonian

N

P2 Y p2 kz 2
(7.5) H(QPg.p) = 5 +VQ 4D 5=+ 50 - Q)
i=1 """ =1

where the number N of particles is large and the masses m; and spring coupling
constants k; are small (with particular N-dependent distributions, see [5], eq. (2.2)).
The necessary assumption to enable treatment of a fast deterministic subsystem as a
stochastic system is some form of ergodicity: any distribution of initial conditions of
the fast subsystem converges rapidly to a unique stationary distribution (conditioned
on the slow variables). This condition is hard to verify (even empirically) for any
particular system. In particular, it is not true for (7.5) if one treats the coordinates
(Q, P) as the slow variables since the small masses are only coupled through the heavy
particle. Convergence to an SDE is only guaranteed for the system with Hamiltonian
(7.5) if the initial conditions for ¢; and p; are set according to the stationary measure
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conditioned on P and @ (which was done in [5], see [5, 27, 37] for background results).
Hence, the introduction of a healing time tsip, will not have an improving effect for
equation-free analysis of the heat bath problem (7.5).

7.3. Approximation of stochastic slow manifolds. As mentioned already
in the introduction, our convergence result for finite time scale separation relies on
a result about model reduction that is valid for finite time scale separation, namely
the persistence of normally hyperbolic invariant manifolds and their stable fibers.
While the model reduction results for stochastic systems in [17, 36] provide only
statements for the limit of infinite time scale separation, stronger results are available
for stochastic systems, if one is able to fix the noise realization (for example, the
Brownian path) [1, 2]. In this case, the microscopic map M has, for the example
of an SDE of the form du = F(u)dt + o, dW, ¢, the form M(¢;u,w), where w €
C([0,00); RP) is a realization of the Wiener process W, ; and M satisfies the invariance
relation M (¢t + s;x,w) = M (t; M (s;z,w),w(s + +)).

Invariant stochastic manifolds C are then invariant objects depending on the real-
ization (one may write C(w)). Their persistence and attraction properties have been
proven for some cases such as finite-dimensional SDEs [9, 47] and SPDEs [11]. For

these cases, an implicit equation-free scheme y = ®;, (0;2,w) defined implicitly via

(7.6) R M (tskip; L(y),w) = R M (tskip + 6; L(x),w)

may converge in a similar way as claimed in Theorem 3.3. However, the stochastic
invariant manifold results and the implementation of (7.6) depend on the ability to
use the same realization w throughout the computation, as was done in [22] (for
example, for different arguments y during a Newton iteration for (7.6)). While fixing
the realization is possible for SDEs, for many of the applications for equation-free
analysis [18, 24, 30, 32, 33, 42, 45] it is not clear how to do that.

8. Conclusion. This paper proves convergence of equation-free methods, based
on lift-evolve-restrict maps P(t;-) = R-M(t;-) o L. Our convergence proof does not
assume that the time scale separation becomes large, in contrast to previous results
[49, 31]. Rather, convergence is achieved for finite time scale separation, but in the
limit of large healing time ¢, and an implicit approximation of the slow flow @, (; x):
P(tskip;y) = P(t + tsxip; x) defines the approximation ®; . (¢;x) := y. The original
explicit equation-free framework, as proposed by Kevrekidis et al., corresponds to the
case where tqip, = 0 and RoL = I. The analysis is performed for attracting slow
manifolds in deterministic systems. However, we demonstrate on a simple SDE that
our result may also be useful for stochastic systems, where the time scale separation
is in the spectrum of the Fokker-Planck equation and is often only of order 1. In par-
ticular, for the prototype example investigated by [5] the implicit flow approximation
Dy, converges to the true solution ®, of the linear Fokker-Planck equation for large
healing times tgkip.
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Theorem 3.3 we have to analyze the two equations (for y and y, respectively)

(A.1) RAM (tsiip; £(y))) = RIM (tsip + 6; £())),
(A.2) RAM (tskip; 9(L£(y=)))) = R(M (tsiip + 65 g(L(2))))-

In both equations z € R? enters as a parameter. Assumption 3.2 ensures that the
solution y, of (A.2) is unique and independent of tuip. For equation (A.1) we have
to prove the existence of a solution y, and prove that it is close to y. for sufficiently
large teip. Throughout this appendix we will use the notations

u(t) = Oexplat)), v(t) = ofexp(at))

to describe that |lu(t)exp(—at)|| is bounded uniformly for all ¢ > 0, and that the
function v(t) exp(—at) tends to zero for ¢ — co. For the special case o = 0 we write
O(1) and o(1). If the quantity depends also on other parameters (say, y € dom £)
then the expression implies uniformity (for example, for y close to y.) unless stated
explicitly otherwise.

Using the definitions (3.7) of P.(t;z) = R(M (¢; g(L(x)))) and (3.10) for the map
P(t;z) = R(M(t; L(x))), equation (A.1) can be written in the form (using (A.2))

(A-3)P*(tskip§ y) = P*(tskipé y*) + eXP(_dtrtskip) [G(tskip3 y) + H(tskipé 33)] ,  Where

G(ty) = —exp(dirt) [P(t;y) — Pu(t; )],
H(t;x) =  exp(dyt) [P(t+ 6;2) — Pu(t + 6;2)] .

The operator P, and the newly introduced G and H satisfy the following conditions
on their derivatives by Assumption 3.1, (3.2) and (3.3) on separation of time scales
for the flow M:

(A4) a%P* (tskip; y) = O(exp(dtantskip))v
(A.5) G tswipiy) = O(1),
(AG) a%H(tskip; (E) = 0(1)

forall j € {0,..., kmax} and all y in a neighborhood of y,. In the case of H the bound
is also uniform for § € [—dmax; Omax)- Thus, the parameter § has been dropped from
the list of arguments in H. Combining the separation of time scales in Assumption 3.1,
(3.2), with Assumption 3.2 on the uniform invertibility of R |¢ and go £ : dom £ — C,
we have a Lipschitz constant (C' is independent of y1, y2 and tgkip)

(A7) ly1 — y2ll < Cexp(diantsiip)|| Pe(tskip; Y1) — Pe(tskip; y2) I,

when inverting P (tskip; ) for all y1,y2 in a neighborhood of y, and all tg, > 0. We
also note that

o Y« ()
oI

(A8) |

‘ = 0(1)

Specifically, these derivatives depend only on § € [—0min, Omax]- Thus, &7y, (x) are

uniformly bounded due to (3.2), and because we required exp(dianOmax) = O(1).
Abbreviating notation In the following all derivatives of the functions Py, G and

H are with respect to their second argument (y or ). The argument tqp, enters the
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functions Py, G and H as a parameter that we will drop in our notation such that we
will write, for example, 03 P, () [0y.]2[0%y.] for 03 Py (tskip; Y« ) [0y /0x])2[0%y. / (0z)?].
The parameter tqp enters estimates via the bounds (A.4)—(A.8) for Py, G and H.

The properties (A.4)—(A.8) make Banach’s contraction mapping principle appli-
cable to Equation (A.3) in a sufficiently small neighborhood of y, and for sufficiently
large tgkip (as shown in the paragraph that follows). We then estimate the error of
the derivatives of y with respect to z.

Existence of solution y and its error. We apply the Banach contraction mapping
principle to the map

(A.9) Nty = P (Pu(ys) + exp(—dutsiip) [G(y) + H(@)))
(P71(+) is the inverse of the diffeomorphism P, : U(y.) — U(Ps(y«))). Let B be a
closed ball around y, of radius R in which all estimates (A.4)—-(A.7) on P,, G and H
hold. Combining the estimate (A.7) for the Lipschitz constant of P! with y; = y

and Y2 = y., and the bound on the derivatives for G (w.r.t. y) gives an estimate for
the difference of N(y) from y,:

IN ) = all < Cexpl(dian — die)taap) [max 1G] [yl + | H @]

< Cexp((dian — dor)tatap) [max |G| (| + B) + | H@)]l]

Thus, choosing ti, sufficiently large, we can ensure that N maps B back into itself
(since dian < diy). Similarly, the Lipschitz constant of N in B can be estimated by

[N (y1) = N(y2)[| < Cexp((dan — dur)tsiip) max [0G[[[yr = y2]),

where Cexp((dian — dir)tskip) maxp |OG|| is smaller than unity for sufficiently large
tskip- Consequently, N has a unique fixed point y in B, which solves the perturbed
problem (A.1). Moreover, the difference y — y. satisfies

(Alo) Y—Ys = O(exp((dtan - dtr)tskip))~

Error of derivatives. The smoothness of the coefficients in (A.3) ensures that y
is also differentiable as a function of x up to order k.. We want to prove that for ¢
satisfying ¢ < kpax — 1 (where kpax is the order of differentiability of the coefficients
in (A.3)) and (2¢ + 1)dtan < dir the bound on the error is

(A.11) 'y — 9%y, = O(exp(((20 + 1)dian — dir)tekip))-

We prove this by induction starting from ¢ = 1, which we check first using the previous
paragraph’s results.

Assume that the bound (A.11) holds for all derivatives up to £ — 1. This implies,
in combination with (A.8), that y, dy, ..., " 'y are bounded uniformly for all
tskip > 0 (just like 0%, for £ = 1.. . kmax by (A.8)). In order to estimate the difference
9%y — 0%, we return to (A.3) and differentiate each of the terms ¢ times with respect
to z (noting that y, and y are also functions of x):

o o 0"

(A12) S [P(y(@))] = 57 [P (0))] = expl(~dutaay) | 5

[Gy(a)] + 0°H (z)| -



38 JAN SIEBER, CHRISTIAN MARSCHLER, JENS STARKE

The term 9°H(z) is O(1) for all tgg, > 0 by (A.6). In the term 9°/(0z%)[G(y)] we
extract the highest-order derivative of y by writing it in the form

14
216 = 00) +9G()'y = (1) + 06wy, +0G () [ — 9'v.]
(A.13) = 0(1) + 9G(y) [0y — 9'y.]

For (A.13) the boundedness of the O(1) terms follows from the boundedness of all
their parts: the derivatives of G are bounded by (A.5), 9%y, is bounded by (A.8),
and y, Jy,..., 0“1y are bounded by induction hypothesis. The pre-factor G (y) of
0%y — 8%y, is also bounded uniformly for all tg, > 0.

Inserting the right-hand side of (A.13) into the right-hand side of (A.12), we
obtain
(A.14)
o o .
o P ()] 5 [P (9 (2))] = exp(~ it )OG () [0 — 4] +O(exp(~dutp))

Expanding the left-hand side of the above equation using the chain rule, we get a
sequence of differences with equal powers of derivatives of Py, y and y.. From this
sequence of differences we extract the difference between derivatives involving 9%y and

0%y, and collect all other terms in a remainder r (which is present only for £ > 1 and
will later turn out to be of order O(exp((2¢dsan — dir)tskip))):

¢ 14
(A15) (P — [Py ())) = DR ()0 — OP ()0 y. + 7

From the difference with the highest-order derivatives of y and y, we extract the
difference 9%y — 0%y, by adding zeroes. Using the notational convention

1
Flow) = [ Flso+ (1= s ds
0
for the mean between two points of a single-argument function F' in the following,

OP,(y)0'y — 0P, (y.)0"y. = OP.(y) [0"y — 0'y.] + [OP.(y) — 0P (ys)] 0y
(A.16) = 0P.(y) [0y — 0%y.] + O°Pu{y, y: Yy — v+] 0y
(Al?) = 0P, (y) [6€y - 3£y*] + O(GXP((than - dtr)tskip))-

The order O(exp((2dsan — dir)tskip)) of the second term follows from the bounds on
Y — Y« (given in (A.10)), 0*P, (given in (A.4)) and the boundedness of 9%y, (given
in (A.8)). This immediately implies the estimate for the case ¢ = 1: inserting (A.17)
into (A.14), we have for £ =1
(A.18)

0Py (y) [0y — Oy.] = exp(—dutsxip)0G () [0y — Oys] + O(exp((2dian — dir )tskip))-

In (A.18) we have collected the bounded terms with pre-factors exp(—di,tskip) and
exp((2dian — dir)tskip) using the larger pre-factor exp((2dian — dir)tskip). Since (by
(A.7)) the inverse of OP,(y) satisfies 0P, (y) ™! = O(exp(dtantskip)) We can rearrange
(A.18) to isolate Oy — Oy, for large tgyip, giving the estimate (note that 0G(y) = O(1))

(A.19) Oy — 0y, = O(exp((3dtan — dix)tskip)),

which is what we had to prove for £ = 1.



CONVERGENCE OF EQUATION-FREE METHODS 39

Error of higher-order derivatives. Let us assume that the assumptions of the
theorem are satisfied for all j < ¢ with ¢ > 2. By the conditions of the theorem we
assume that (2¢ + 1)dan < diy and the conditions (A.4)—(A.8) are satisfied for j < ¢
(including existence of the corresponding derivatives).

For ¢ > 1 we have to include the remainder r from (A.15) in our consideration.
This remainder is a sum of expressions a, of the form

(A.20) a, = & Pu(y) [0"y] ... [0"y] — & Pu(y.) [0V 9] ... [07 9],

where 2 < j < /¢, and v is a j-tuple of integers v; € {1,...,¢—1} with 25:1 v, =£. All
factors 0"y and 0"y, are of order O(1) with respect to tep according to (A.8) and
induction hypothesis. The terms 87 P, (y) and 87 P, (y.) are of order O(exp(diantskip))
according to (A.4). The difference in (A.20) can be expressed as a sum of j + 1
differences involving 'y — 8%y, for some i € {0...,¢ — 1} by adding j + 1 zeros:

(A.21) a, =T Py, ydly — v.] [0y .. [0"7y]
(A.22) L ACN lH_ 8’%] [0y — 0"y.] lH, o y]

The right-hand side in (A.21) is of order O(exp((2dsan — dir)tskip)). The ith term in
the sum in (A.22) is of order O(exp((dian (1+(2v5+1)) —dir)tskip))- S0, since v; < £—1
and ¢ > 1, all terms in the sum for a, are at most of order O(exp((20dian — dir)tskip))-
Consequently,

(A.23) r = O(exp((20dian — dix)tskip))-

Inserting this estimate in combination with (A.15) and (A.17) into (A.14), we obtain
(A.24)
0P, (y) [3£y - 82y*] = exp(—dutskip)0G (Y) [8@ — 8£y*] +O(exp((20dian — dix ) tskip) )-

In (A.24) we have included the smaller error terms O(exp((2dian — dir)tskip)) and
O(exp(—drtskip)) into the (for £ > 1) larger O(exp((2¢dian — dir)tskip)). Since, di <
dian, OG(y) = O(1) and OP.(y) = O(exp(dantskip)), we can isolate 9%y — %y, in
(A.24). This results in the asymptotic estimate claimed in Theorem 3.3:

'y — 9%y = O(exp(((20 + 1)dian — dir)tekip))-

Appendix B. Brief description of supplementary material. = The sup-
plementary material contains Matlab/octave scripts and functions that reproduce
Figure 4.1 from section 4. The provided zip file unpacks into folder demo_Michae
lis Menten/. The main script is demo Michaelis Menten.m, which will reproduce
Figure 4.1, showing phase space geometry of the Michaelis-Menten kinetics (4.1) with
explicit time scale separation as also studied by Gear et al. and others [34, 16, 48, 49].

e Folder demo_Michaelis Menten/rotated/ contains the published html out-
put from the script for the rotated coordinate system (4.7) in file demo_Mich
aelis Menten.html.

e Folder demo_Michaelis_Menten/unrotated/ contains the published html out-
put from the script for the coordinate system with explicit time scale separa-
tion (4.1) in file demo_Michaelis_Menten.html.

e Folder tools/ contains some auxiliary functions called in the script (a simple
Newton iteration ScSolve.m, an explicit initial-value-problem solver using
the Dormand-Prince scheme and fixed step size ScIVP.m, and a function for
approximating the Jacobian with finite differences ScJacobian.m.
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