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NONINTRUSIVE AND STRUCTURE PRESERVING MULTISCALE
INTEGRATION OF STIFF ODEs, SDEs, AND HAMILTONIAN
SYSTEMS WITH HIDDEN SLOW DYNAMICS VIA FLOW
AVERAGING*

MOLEI TAOT, HOUMAN OWHADI!, AND JERROLD E. MARSDENT

Abstract. We introduce a new class of integrators for stiff ODEs as well as SDEs. Examples of
subclasses of systems that we treat are ODEs and SDEs that are sums of two terms, one of which
has large coefficients. These integrators are as follows: (i) Multiscale: They are based on flow aver-
aging and thus do not fully resolve the fast variables and have a computational cost determined by
slow variables. (ii) Versatile: The method is based on averaging the flows of the given dynamical
system (which may have hidden slow and fast processes) instead of averaging the instantaneous drift
of assumed separated slow and fast processes. This bypasses the need for identifying explicitly (or
numerically) the slow or fast variables. (iii) Nonintrusive: A pre-existing numerical scheme resolving
the microscopic time scale can be used as a black box and easily turned into one of the integrators
in this paper by turning the large coefficients on over a microscopic time scale and off during a
mesoscopic time scale. (iv) Convergent over two scales: They converge strongly over slow processes
and in the sense of measures over fast ones. We introduce the related notion of two-scale flow con-
vergence and analyze the convergence of these integrators under the induced topology. (v) Structure
preserving: They inherit the structure preserving properties of the legacy integrators from which
they are derived. Therefore, for stiff Hamiltonian systems (possibly on manifolds), they can be made
to be symplectic, time-reversible, and symmetry preserving (symmetries are group actions that leave
the system invariant) in all variables. They are explicit and applicable to arbitrary stiff potentials
(that need not be quadratic). Their application to the Fermi—Pasta—Ulam problems shows accuracy
and stability over four orders of magnitude of time scales. For stiff Langevin equations, they are
symmetry preserving, time-reversible, Boltzmann—Gibbs-reversible, quasi-symplectic on all variables,
and conformally symplectic with isotropic friction.
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1. Overview of the integrator on ODEs. Consider the following ODE on R¢:
. 1
(1.1) ¢ = G(u) + ;F(uﬁ)

In subsections 1.9, 2.1, 3.1, 3.5, and 4.1, we will consider more general ODEs, stiff
deterministic Hamiltonian systems (2.1), SDEs ((3.1) and (3.15)), and Langevin equa-
tions ((4.1) and (4.2)); however, for the sake of clarity, we will start the description
of our method with (1.1).

CONDITION 1.1. Assume that there exists a diffeomorphism n = (n*,nY), from
R? onto R¥™P x RP (with uniformly bounded C*, C? derivatives), separating slow and
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1270 MOLEI TAO, HOUMAN OWHADI, AND JERROLD E. MARSDEN

fast variables, i.e., such that (for all € > 0) the process (x5,ys) = (n*(u§),nY(us))
satisfies an ODE system of the form

(12) {x :g(x 7y)7 Ty = Zo,

¥ =< f@ ), ¥6 = o

CONDITION 1.2. Assume that the fast variables in (1.2) are locally ergodic with
respect to a family of measures p drifted by slow variables. More precisely, we assume
that there exists a family of probability measures pu(z,dy) on RP indeved by x € RI~P
and a positive function T — E(T) such that limp_oo E(T) = 0 and such that for all
o, Yo, 1, and ¢ uniformly bounded and Lipschitz the solution to

(1.3) Y = f(z0,Y3), Yo=1o

satisfies

T
(1) |7 [ otvas = [ swnteo.dn| < x(Iwo. ) DETI el + 1 9¢]i).

where r — x(r) is bounded on compact sets.

Under Conditions 1.1 and 1.2, it is known (we refer the reader, for instance, to [99]
or to Theorem 14 of section 3 of Chapter II of [108] or to [92]) that z¢ converges
towards z; defined as the solution to the ODE

(15) b= [ o yutody),  alimo = a0
where p(z, dy) is the ergodic measure associated with the solution to the ODE

(1.6) y=flz,y)

It follows that the slow behavior of solutions of (1.1) can be simulated over coarse time
steps by first identifying the slow process ¢ and then using numerical approximations
of solutions of (1.2) to approximate z¢. Two classes of integrators have been founded
on this observation: the equation-free method [67, 68] and the heterogeneous multi-
scale method (HMM) [37, 41, 36, 5]. One shared characteristic of the original form
of those integrators is, after identification of the slow variables, to use a microsolver
to approximate the effective drift in (1.5) by averaging the instantaneous drift g with
respect to numerical solutions of (1.6) over a time span larger than the mixing time
of the solution to (1.6).

1.1. FLAVORS. In this paper, we propose a new method based on the aver-
aging of the instantaneous flow of the ODE (1.1) with hidden slow and fast variables
instead of the instantaneous drift of z¢ in ODE (1.2) with separated slow and fast
variables. We call the resulting class of numerical integrators FLow AVeraging in-
tegratORS (FLAVORS). Since FLAVORS are directly applied to (1.1), hidden slow
variables do not need to be identified, either explicitly or numerically. Furthermore,

1
FLAVORS can be implemented using an arbitrary legacy integrator ®; for (1.1) in
which the parameter % can be controlled (Figure 1.1). More precisely, assume that
there exists a constant hy > 0 such that ®§ satisfies for all h < homin(Z,1) and
u € R?

(1.7) ‘@‘,’{(u) —u—hG(u) — ahF(u)‘ < CR* (1 + )%
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FLOW AVERAGING INTEGRATORS (FLAVORS) 1271

Fic. 1.1. A pre-existing numerical scheme resolving the microscopic time scale can be used
as a black box and turned into a FLAVOR by simply turning stiff parameters on and off over a
macroscopic time scale T (on) and a mesoscopic time scale § (off). The bottom line of the approach
is to (repeatedly) compose an accurate, short time integration of the complete set of equations with an
accurate, intermediate-time integration of the nonstiff part of the system. While the integration over
short time intervals is accurate (in a strong sense), this is extended to intermediate time integration
(in the sense of measures) using the interplay between the short time integration and the mesoscopic
integration. The computational cost remains bounded independently from the stiff parameter 1/e
because of the following: (i) The whole system is integrated only over extremely short (T <K €) time
intervals during every intermediate (§) time intervals. (ii) The intermediate time step § (that of the
nonstiff part of the system) is limited not by the fast time scales (€) but by the slow ones (O(1)).

then FLAVOR can be defined as the algorithm simulating the process
(1.8) uy = (P§_, o @é)k(uo) for kdé <t < (k+1)J,

where 7 is a fine time step resolving the fast time scale (7 < €) and § is a mesoscopic
time step independent of the fast time scale satisfying 7 < ¢ < § < 1 and

(1.9) (£)2<<5<< g

In our numerical experiments, we have used the “rule of thumb” § ~ vZ, where 7 is
a small parameter (0.1, for instance).

By switching stiff parameters, FLAVOR, approximates the flow of (1.1) over a
coarse time step h (resolving the slow time scale) by the flow

(1.10) By o= (25, _ od7)",

where M is a positive integer corresponding to the number of “samples” used to
average the flow (¢ has to be identified with %) We refer the reader to subsection 1.4
for the distinction between macro- and mesosteps and for the rationale and mechanism
behind FLAVORS and the limits (1.9).

Since FLAVORS are obtained by flow composition, we will show in sections 2
and 4 that they inherit the structure preserving properties (for instance, symplecticity
and symmetries under a group action) of the legacy integrator for Hamiltonian systems
and Langevin equations.

Under conditions (1.9) on 7 and d, we show that (1.8) is strongly accurate with
respect to (hidden) slow variables and weakly (in the sense of measures) accurate with
respect to (hidden) fast variables. Motivated by this observation, we introduce the
related notion of two-scale flow convergence in analogy with homogenization theory
for elliptic PDEs [90, 3] and call it F-convergence for short. F-convergence is close in
spirit to the Young measure approach to computing slowly advancing fast oscillations
introduced in [10, 9].
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1272 MOLEI TAO, HOUMAN OWHADI, AND JERROLD E. MARSDEN

1.2. Two-scale flow convergence. Let (&5);cr+ be a sequence of processes on
R? (functions from R* to R?) indexed by € > 0. Let (X;);cr+ be a process on RI~P
(p > 0). Let  — v(x,dz) be a function from R~ into the space of probability
measures on RY.

DEFINITION 1.1. We say that the process & F-converges to v(X¢,dz) ase | 0

and write & LO> v(Xe,dz) if and only if for all functions ¢ bounded and uniformly
e—
Lipschitz continuous on R?, and for all t > 0,

1 [tt+h
(1.11) i tim = [ g€ ds = [ o),
1.3. Asymptotic convergence result. Our convergence theorem requires that
ug and 4; do not blow up as € | 0; more precisely, we will assume that the following
condition is satisfied.
CONDITION 1.3.
1. F and G are Lipschitz continuous.
2. For all ug, T > 0, the trajectories (u§)o<i<T are uniformly bounded in e.
3. For all ug, T > 0, the trajectories (4§)o<i<r are uniformly bounded in e,
0 <6 < hg, and 7 < min(7pe, 9).
For 7, an arbitrary measure on R%, we define 1~
the measure 7 by L.
THEOREM 1.2. Let u$ be the solution to (1.1) and @, be defined by (1.8). Assume
that (1.7) and Conditions 1.1, 1.2, and 1.3 are satisfied; then the following hold:
o u$ F-converges to n~ ! x (5Xt ® u(Xy, dy)) as € | 0, where X; is the solution
to

L% 7 to be the push forward of

(1.12) X, = /g(Xt,y)u(Xt,dy), Xo = .

e Uy F-converges to n~' x (6x, @ u(Xy,dy)) for e <6/(=Clné), L 10, <6 10,
and (Z)2% 0.
REMARK 1.1. The F-convergence of u§ to n~1 * ((SXt ® w(Xe, dy)) can be restated
as

t+h
(1.13) mmmll ﬂ@wzéyw%mwmamw

h—0e—0 h

for all functions ¢ bounded and uniformly Lipschitz continuous on R% and for all
t>0.

REMARK 1.2. Observe that g comes from (1.5). It is not explicitly known and
does not need to be explicitly known for the implementation of the proposed method.

REMARK 1.3. The limits on €, 7, and 6 are in essence stating that FLAVOR is
accurate provided that T < e (T resolves the stiffness of (1.1)) and (1.9) is satisfied.

REMARK 1.4. Throughout this paper, C' will refer to an appropriately large enough
constant independent from €,90, 7. To simplify the presentation of our results, we use
the same letter C' for expressions such as 2CeC instead of writing it as a new constant
C1 independent from €,0,T.

1.4. Rationale and mechanism behind FLAVORS. We will now explain
the rationale and mechanism behind FLAVORS. We refer the reader to subsection A.1
of the appendix for the detailed proof of Theorem 1.2. Let us start by considering
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FLOW AVERAGING INTEGRATORS (FLAVORS) 1273

the case where 7 is the identity diffeomorphism. Let ¢+ be the flow of (1.2). Observe
that ©° (obtained from @+ by setting the parameter 1 to zero) is the flow of (1.2)
with y¢ frozen, i.e.,

di
(1.14) ©%(x,y) = (&,9), where @; solves d_f =g(z,y), Zo==x.

The main effect of FLAVORS is to average the flow of (1.2) with respect to fast
degrees of freedom via Sphttlng and resynchronization. By splitting we refer to the

substitution of the flow pg by composition of go[; and o5, and by resynchronization

we refer to the distinct time steps § and 7 Whose effects are to advance the internal

clock of fast variables by 7 every step of length §. By averaging we refer to the fact
1

that FLAVORS approximate the flow ¢; by the flow

1
(1.15) on = (p% _, o pF

where h is a coarse time step resolving the slow time scale associated with x€¢, M is
a positive integer corresponding to the number of samples used to average the flow
(6 is identified with %), and 7 is a fine time step resolving the fast time scale, of the
order of €, and associated with y¢. In general, analytical formulae are not available
for ¢¥ and <p%, and numerical approximations are used instead.

Observe that when FLAVORS are applied to systems with explicitly separated
slow and fast processes, they lead to integrators that are locally in the neighborhood
of those obtained with HMM (or the equation-free method) with a reinitialization of
the fast variables at macrotime n by their final value at macrotime step n — 1 and
with only one microstep per macrostep [38, 40].

We will now consider the situation where 7 is not the identity diffeomorphism
and give the rationale behind the limits (1.9):

1 0
o7 S5
Ups ————> Upjpr ————> u(n+1)6

AL e TF T

o Wr _ o
(CE, y)n5 —— (xa y)n(SJrT D (CE, y)(n+l)6

As illustrated in the above diagram, since (Zy, y:) = n(u), simulating @,s defined in
(1.8) is equivalent to simulating the discrete process

1 n
(116) (jnéa yné) = (\Ilng © \IJB) (330, yO)?
where
(1.17) ni=no®pon .

Observe that the accuracy (in the topology induced by F-convergence) of u; with
respect to ug, the solution of (1.1), is equivalent to that of (T, g:) with respect to
(zf,y;) defined by (1.2). Now, for the clarity of the presentation, assume that

(1.18) ¥ (u) = u+ hG(u) + ahF(u).
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1274 MOLEI TAO, HOUMAN OWHADI, AND JERROLD E. MARSDEN

Using Taylor’s theorem and (1.18), we obtain that
(1.19)

U9 (z,y) = (z,y) + h(g(z,y),0) + ah(0, f(z,y)) +/0 vT Hessn(u + tv)v(1 — t)* dt
with

(1.20) w:=n"Y(z,y) and wv:=h(G+aF)on t(z,y).

It follows from (1.19) and (1.20) that \Ili is a first order accurate integrator approx-
imating the flow of (1.2) and W9 is a first order accurate integrator approximating
the flow of (1.14). Let h be a coarse time step and § be a mesostep. Since Z remains
nearly constant over the coarse time step, the switching (on and off) of the stiffness
parameter % averages the drift g of Z with respect to the trajectory of § over h. Since
the coarse step h is composed of % mesosteps, the internal clock of the fast process is
advanced by % x Z. Since h is of the order of one, the trajectory of  is mixing with
respect to the local ergodic measure y provided that - > 1, i.e.,

(1.21) s< L.
€

Equation (1.21) corresponds to the right-hand side of (1.9). If 7 is a nonlinear diffeo-
morphism (with a nonzero Hessian), it also follows from (1.19) and (1.20) that each

1

invocation of the integrator W5 causes an error (on the accuracy of the slow process)
1

proportional to (%)2 Since, during the coarse time step h, ¥ is called %-times, it

follows that the error accumulation during b is % X (5)2 Hence, the accuracy of the

integrator requires that § x (2)? < 1, i.e.,

7\ 2
122 () <
Equation (1.22) corresponds to the left-hand side of (1.9).

Observe that if 7 is linear, its Hessian is null and the remainder in the right-hand
side of (1.19) is zero. It follows that if # is linear, the error accumulation due to fine
time steps on slow variables is zero and condition (1.21) is sufficient for the accuracy
of the integrator.

It has been observed in [39] and in section 5 of [114] that slow variables do not
need to be identified with HMM /averaging-type integrators if the relation between
original and slow variables is linear or a permutation and if

g T

(1.23) <o
where M is the number of fine-step iterations used by HMM to compute the average
of the drift of slow variables and At is the coarse time step (in HMM) along the
direction of the averaged drift. The analysis of FLAVORS associated with (1.19)
reaches a similar conclusion if 7 is linear in the sense that the error caused by the
Hessian of n in (1.19) is zero and the (sufficient) condition (1.21) is analogous to
(1.23) for M = 1. It is also stated on page 2 of [39] that “there are counterezamples
showing that algorithms of the same spirit do not work for deterministic ODEs with
separated time scales if the slow variables are not explicitly identified and made use
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of. But in the present context, the slow variables are linear functions of the original
variables, and this is the reason why the seamless algorithm works.” Here, the analysis
of FLAVORS associated with (1.19) shows that an algorithm based on an averaging
principle would indeed, in general, not work if 7 is nonlinear (and (1.22) not satisfied)
due to the error accumulation (on slow variables) associated with the Hessian of 7.
However, the above analysis also shows that if condition (1.22) is satisfied, then,
although 7 may be nonlinear, flow averaging integrators will always work without
identifying slow variables.

1.5. Nonasymptotic convergence result.
THEOREM 1.3. Under assumptions and notations of Theorem 1.2, there exists
C > 0 such that for 6 < hg, 7 < 19¢, and t > 0

(1.24) |xf — n®(a)] < CeCtxq (up, €,0,T)
and
1 t+T
T/ p(us) ds —/ (" (Xe, y))u(Xe, dy)
t RP
(125) SX2(u0a675aTaT7t)(H<pHL°° + Hv‘p”L"o)v

where x1 and X2 are functions converging towards zero as € < 5/(Cln%), 10,
€510, and (2)25 10 (and T 1O for x2).
REMARK 1.5. Fore <§/(—=Cné) and 6£ + T < 1, the following holds:

o)< vie (2) e (gug) + (%) + ()

(1.26) +E<éln<<%+£)l>>,

and x2 satisfies a similar inequality.

REMARK 1.6. Choosing T ~ e and 6 ~ yL, where <y is a small constant indepen-
dent from e, Theorem 1.3 shows that the approximation error of FLAVOR is bounded
by a function of v converging towards zero as v | 0. It follows that the speedup is of
the order of g ~ L i.e., scales like % at fixed accuracy. In order to be able to compare
FLAVOR with integrators resolving all the fine time steps, we have limited the speedup
in the numerical experiments to 200z (but the latter can be arbitrarily large as € | 0).
For sufficiently small €, we observe that FLAVORS with microstep T and mesostep
0 overperform their associated legacy integrator with the same microstep T over large
sitmulation times (we refer the reader to section 6.3 on the Fermi—Pasta—Ulam prob-
lem). This phenomenon is caused by an error accumulation at each tick (microstep)
of the clock of fast variables. Since FLAVORS (indirectly, i.e., without identifying
fast variables) slow down the speed of this clock from % to a value 5. ~ % independent
from €, this error does not blow up as € | 0 (as opposed to an integrator resolving
all fine time steps). For this reason, if this error accumulation on fast variables is
exponential, then the speedup at fized accuracy does mot scale like %, but like e%,
where T is the total simulation time. A consequence of this phenomenon can be seen
in Figure 6.5 (associated with the Fermi—Pasta—Ulam problem), where Velocity Verlet
fails to capture the O(e~1) dynamics with a time step h = 1075, whereas FLAVORS
remain accurate with 7 = 10"% and § =2-1073.
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1276 MOLEI TAO, HOUMAN OWHADI, AND JERROLD E. MARSDEN

REMARK 1.7. The reader should not be surprised by the presence of the exponen-
tial factor e“t in (1.24). It is known that global errors for numerical approzimations
of ODEs grow, in general, exponentially with time (see, for instance, [58]). These
bounds are, however, already tight; consider, for instance, how error propagates in a
generic numerical scheme applied to the special system of & = x. It is possible to show
that the increase of global errors is linear in time only for a restricted class of ODEs
(using techniques from Lyapunov’s theory of stability [118]). Notice that the constant
C in the exponential of our bound does not scale with e~*, and therefore the bound is
uniform and rather tight.

REMARK 1.8. We refer the reader to [41] for higher order averaging based meth-
ods. In particular, [41] shows how, after identification of slow variables, balancing
the different error contributions yields an explicit stable integration method having the
order of the macroscheme.

1.6. Natural FLAVORS. Although convenient, it is not necessary to use leg-
acy integrators to obtain FLAVORS. More precisely, Theorems 1.2 and 1.3 remain
valid if FLAVORS are defined to be algorithms simulating the discrete process

(1.27) = (05, 009) (ug) for ks <t < (k+1)5,

where 6¢ and 9§7T are two mappings from R? onto R? (the former approximating the
flow of the whole system (1.1) for time 7 and the latter approximating the flow of
v = G(v) for time § — 7), satisfying the following condition.
CONDITION 1.4.
1. There exists hg, C > 0, such that for h < hg and any u € R?

(1.28) |65 (u) — u — hG(u)| < Ch®.

2. There exists 70, C > 0, such that for ~ < 1o and any u € R

(1.29) 0% (u) — u — 7G(u) — EF(u)‘ < 0(1)2.

€

3. For all ug, T > 0, the discrete trajectories ((65_, o Hj)k(uo))0<k<T/6 are
uniformly bounded in €, 0 < § < hg, and 7 < min(7ge, d).
Observe that (1.8) is a particular case of (1.27) in which 6° = &+ and the mapping
6% is obtained from the legacy integrator ® by setting o to zero.

1.7. Related work. “Dynamical systems with multiple time scales pose a major
problem in simulations because the small time steps required for stable integration of
the fast motions lead to large numbers of time steps required for the observation of
slow degrees of freedom” [113, 57]. Traditionally, stiff dynamical systems have been
separated into two classes with distinct integrators: stiff systems with fast transients
and stiff systems with rapid oscillations [6, 36, 100]. The former have been solved
using implicit schemes [49, 35, 57, 59], Chebyshev methods [73, 1], or the projec-
tive integrator approach [51]. The latter have been solved using filtering techniques
[48, 69, 104] or Poincaré map techniques [50, 94]. We also refer to methods based on
highly oscillatory quadrature [32, 62, 63|, an area that has undergone significant de-
velopments in the last few years [64]. It has been observed that “at the present time,
there exists no unified strategy for dealing with both classes of problems” [36]. When
slow variables can be identified, effective equations can be obtained by averaging the
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instantaneous drift driving those slow variables [108]. Two classes of numerical meth-
ods have been built on this observation: the equation-free method [67, 68] and HMM
[37, 41, 36, 5]. Observe that FLAVORS apply in a unified way to both stiff systems
with fast transients and stiff systems with rapid oscillations, with or without noise,
with a mesoscopic integration time step chosen independently from the stiffness.

1.8. Limitations of the method. The proof of the accuracy of the method
(Theorems 1.2 and 1.3) is based on an averaging principle; hence, if € is not small
(the stiffness of the ODE is weak), although the method may be stable, there is no
guarantee of accuracy. More precisely, the global error of the method is an increasing
function of €, §, T, %, (2)25. Writing v := Z, the accuracy requires 72 < § < 7.
Choosing § = ’y%, the condition € < § < 1 (related to computational gain) requires
€ < v < 1, which can be satisfied only if € is small.

The other limitation of the method lies in the fact that a stiff parameter % needs
to be clearly identified. In many examples of interest (Navier-Stokes equations, Max-
well’s equations, etc.), stiffness is a result of nonlinearity, initial conditions, or bound-
ary conditions and not of the existence of a large parameter % Molecular dynamics
can also create widely separated time scales from nonlinear effects; we refer the reader,
for instance, to [119] and the references therein.

1.9. Generic stiff ODEs. FLAVORS have a natural generalization to systems
of the form

(1.30) u® = F(u™, a,€),

where u — F'(u, «, €) is Lipschitz continuous.
CONDITION 1.5. Assume that the following hold:
1. e = F(u,q,¢) is uniformly continuous in the neighborhood of 0.
2. There exists a diffeomorphism 1 := (n®,nY), from R onto R4™P x RP, inde-
pendent from e, o, with uniformly bounded C*,C? derivatives, such that the
process (z&,y&) = (nw(u?’o),ny(uf"o)) satisfies, for all & > 1, the ODE

(1.31) % = g(z*,y”), Ty = To,

where g(z,y) is Lipschitz continuous in x and y on bounded sets.
3. There exists a family of probability measures u(x,dy) on RP such that for all
20, Yo, T ((z0,y0) :==n(u0)), and ¢ uniformly bounded and Lipschitz

Lt
T/o w(ys)ds—/w (y)u(wo, dy)

(1.32) < X (@, y0) 1) (B (T) + E2(Ta")) Vel =,

where T — x(r) is bounded on compact sets and Eo(r) — 0 as r — oo and
Ei(r) > 0asr—0.

4. For all ug, T > 0, the trajectories (U?7O)QStST are uniformly bounded in
a>1.

REMARK 1.9. Observe that slow variables are not kept frozen in (1.32). The error
on local invariant measures induced by the (slow) drift of x® is controlled by E2. More
precisely, the convergence of the right-hand side of (1.32) towards zero requires the
convergence of T towards zero and (at the same time) the divergence of Ta towards
mnfinity.
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Assume that we are given a mapping @7 from R? onto R? approximating the
flow of (1.30). If the parameter a can be controlled, then @} can be used as a black
box for accelerating the computation of solutions of (1.30).

CONDITION 1.6. Assume that the following hold:

1. There exists a constant hg > 0 such that ¢ satisfies for all h < hg min(a—lu7 1),
0<e<l<a

(1.33) |®5 (1) — u — hF (u,a,€)| < C(u)h*(1 4 ™),

where C(u) is bounded on compact sets.
1
2. For all ug, T > 0, the discrete trajectories (((bng o @;7E)k(uo))0<k<w5 are

uniformly bounded in 0 < e <1,0 < < hg, and 7 < min(hge”, 9).
FLAVOR can be defined as the algorithm given by the process

(1.34) i = (00 05 ) (ug) for ko <t< (k+1)0.

The theorem below shows the accuracy of FLAVORS for § < hg, 7 < €”, and
(5) <<z
1 € . .
THEOREM 1.4. Let us’”™ be the solution to (1.30) with o = 1/e, and let @,

be defined by (1.34). Assume that Conditions 1.5 and 1.6 are satisfied. Then the
following hold:

1. ,
e u; " F-converges towards n=! x (5Xt ® M(Xt,dy)) as € | 0, where X, is the
solution to

(1.35) X; = / 9( X, y) n( Xy, dy), Xo = wo.
Rp

Ly

e Ase | 0, e | 0, 5% 4 0, and % + 0, uy F-converges towards n~

(6x, ® W( Xy, dy)) as € 10, where X, is the solution of (1.35).
Proof. The proof of Theorem 1.4 is similar to that of Theorems 1.2 and 3.2.
Only the idea of the proof will be given here. The condition € < 1 is needed for the

approximation of u®€ by u®° and for the F-convergence of w0, Since yo =mnY (u?’o),

1 € .
the condition 7 < €” is used along with (1.33) for the accuracy of ®:" in (locally)

approximating y;*. The condition § < % allows for the averaging of g to take place

prior to a significant change of x¢'; more precisely, it allows for m > 1 iterations of

1
@ prior to a significant change of z&. The condition (E%)2 < 0 is required in order

to control the error accumulated by m iterations of <I>T% “ ad

REMARK 1.10. It is easy to see that Theorem 1.4 remains valid if item 4 of
Condition 1.5 and item 2 of Condition 1.6 do not hold for all ug but only for a subset
of initial conditions ug € T and if the trajectories of u and @ remain in that subset
for all e.

We also observe that Theorem 1.4 can easily be generalized to situations where n
is noninjective, for instance to a situation where n is a differentiable mapping from
R? onto R?¥™P x RY, where ¢ < p. In that situation, item 4 of Condition 1.5 and
item 2 of Condition 1.6 should be replaced by the condition that n(u) and n(@) do not
blow up as € | 0. Furthermore, the convergence of u and u is only partial in the sense
that n(u) F-converges towards dx, @ u(Xy, dy) but the projection of u on the kernel
of n (i.e., n71(0,0)) may not F-converge.
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2. Deterministic mechanical systems: Hamiltonian equations. Since av-
eraging with FLAVORS is obtained by flow composition, FLAVORS have an inherent
extension to multiscale structure preserving integrators for stiff Hamiltonian systems,
i.e., ODEs of the form

where the Hamiltonian
1 _ 1
(2.2) H(q,p) == 5p" M~'p+V(q) + ~Ulq)

represents the total energy of a mechanical system with Euclidean phase space R% x R¢
or a cotangent bundle T*M of a configuration manifold M.

Structure preserving numerical methods for Hamiltonian systems have been de-
veloped in the framework of geometric numerical integration [57, 75] and variational
integrators [82, 78]. “The subject of geometric numerical integration deals with nu-
merical integrators that preserve geometric properties of the flow of a differential
equation, and it explains how structure preservation leads to an improved long-time
behavior” [56]. Variational integration theory derives integrators for mechanical sys-
tems from discrete variational principles that are characterized by a discrete Noether
theorem. These methods have excellent energy behavior over long integration runs
because they are symplectic; i.e., by backward error analysis, they simulate a nearby
mechanical system instead of nearby differential equations. Furthermore, statistical
properties of the dynamics such as Poincaré sections are well preserved even with
large time steps [16]. Preservation of structures is especially important for long time
simulations. Consider integrations of a harmonic oscillator, for example: no matter
how small a time step is used, the amplitude given by forward Euler/backward Euler
will increase/decrease unboundedly, whereas the amplitude given by variational Euler
(also known as symplectic Euler) will be oscillatory with a variance controlled by the
step length.

These long term behaviors of structure preserving numerical integrators moti-
vated their extension to multiscale or stiff Hamiltonian systems. We refer the reader
to [31] for a recent review on numerical integrators for highly oscillatory Hamiltonian
systems. “Symplectic integrators are natural for the integration of Hamiltonian sys-
tems since they reproduce at the discrete level an important geometric property of the
exact flow” [20]. For symplectic integrators primarily for (but not limited to) stiff
quadratic potentials, we refer the reader to the impulse method, the mollified impulse
method, and their variations [54, 113, 47, 101], which require an explicit form of the
flow map of the stiff process. In the context of variational integrators, by defining a
discrete Lagrangian with an explicit trapezoidal approximation of the soft potential
and a midpoint approximation for the fast potential, a symplectic (IMEX—IMplicit—
EXplicit) scheme for stiff Hamiltonian systems has been proposed in [109]. The re-
sulting scheme is explicit for quadratic potentials and implicit for nonquadratic stiff
potentials. We also refer the reader to Le Bris and Legoll’s (Hamilton—-Jacobi derived)
homogenization method [20]. Asynchronous variational integrators [77] provide a way
to derive conservative symplectic integrators for PDEs where the solution advances
nonuniformly in time; however, stiff potentials require a fine time step discretization
over the whole time evolution. In addition, multiple time step methods [110] evaluate
forces to different extents of accuracies by approximating less important forces via
Taylor expansions, but they have issues on long time behavior, stability, and accu-
racy, as described in section 5 of [76]. Fixman froze the fastest bond oscillations in
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polymers to remove stiffness by adding a log term resemblant of entropy-based free
energy to compensate [44]. This approach is successful in studying statistics of the
system but does not always reconstruct the correct dynamics [95, 93, 14].

Several approaches to the homogenization of Hamiltonian systems (in analogy
with classical homogenization [11, 65]) have been proposed. We refer the reader to
M-convergence introduced in [105, 15], to the two-scale expansion of solutions of the
Hamilton—Jacobi form of Newton’s equations with stiff quadratic potentials [20], and
to PDE methods in weak KAM theory [42]. We also refer the reader to [26, 61, 99].

Obtaining explicit symplectic integrators for Hamiltonian systems with nonqua-
dratic stiff potentials is known to be an important and nontrivial problem. By using
Verlet /leap-frog macrosolvers, methods that are symplectic on slow variables (when
those variables can be identified) have been proposed in the framework of HMM in
[106, 24]. A “reversible averaging” method has been proposed in [74] for mechanical
systems with separated fast and slow variables. More recently, a reversible multi-
scale integration method for mechanical systems was proposed in [6] in the context
of HMM. By tracking slow variables, [6] enforces reversibility in all variables as an
optimization constraint at each coarse step when minimizing the distance between
the effective drift obtained from the microsolver (in the context of HMM) and the
drift of the macrosolver. We also refer the reader to [103] for a symmetric HMM for
mechanical systems with stiff potentials of the form % 2;21 9;(q)*.

2.1. FLAVORS for mechanical systems on manifolds. Assume that we
are given a first order accurate legacy integrator for (2.1) in which the parameter
1/e can be controlled, i.e., a mapping ®% acting on the phase space such that for
h < homin(1,a" %)

(2.3) 7 (q,p) — (¢,p) — h(M~'p,—V(q) — aU(q))‘ < Ch*(1+ a).

Write O as the FLAVOR discrete mapping approximating solutions of (2.1) over
time steps 6 > ¢, i.e.,

(2.4) (A(nt1)5: P(n+1)s) = O5(qns, Pns)-
FLAVOR can then be defined by

(2.5) Qs := B o dE.

Theorem 1.4 establishes the accuracy of this integrator under Conditions 1.5 and 1.6
provided that T < /e < § and T—: ik T

REMARK 2.1. We also refer the reader to Remark 1.10 for the application of
Theorem 1.4 to Hamiltonian systems. Consider, for instance, the linear Hamiltonian
system H(q1,q2,p1,Pp2) := %p% + %p% + %q% + %(qg —q1)?. If the system is started from
q2(0) — q1(0) = O(V€), then the energy remains bounded as € | 0 and (q1,q2,p1,D2)
F-converges due to the first part of Remark 1.10.

For that same example, if the system is started from a point such that g2(0) —
q1(0) # O(\/¢€), then the energy in the system blows up as € | 0 and the range of po—p1
blows up and therefore cannot converge, even in the sense of measures. However, the
(slow) process (q1 + g2, p1 + p2) satisfies an equation of the type (1.31), where the
dependence on fast variables is only through g2 — q1 (y* = q2 — q1 in (1.31)) and
g2 — q1 18 locally ergodic (as defined in item 3 of Condition 1.5) and does converge in
the sense of distributions. Henceforth, if g2(0) — q1(0) # 0, then the generalization of
Theorem 1.4 (see the second part of Remark 1.10) applies with n being noninjective.
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2.1.1. Structure preserving properties of FLAVORS. We will now show
that FLAVORS inherit the structure preserving properties of their legacy integrators.

THEOREM 2.1. If, for all h,e > 0, ®j is symmetric under a group action, then
Os is symmetric under the same group action.

THEOREM 2.2. If @} is symplectic on the cotangent bundle T*M of a configu-
ration manifold M, then Os defined by (2.5) is symplectic on the cotangent bundle
T M.

Theorems 2.1 and 2.2 can be resolved by noting that “the overall method is
symplectic—as a composition of symplectic transformations, and it is symmetric—as
a symmetric composition of symmetric steps” (see Chapter XIII.1.3 of [57]).

Write

(2.6) o5 = (Bop) .

Let us recall the following definition corresponding to Definition 1.4 of Chapter V
of [57].

DEFINITION 2.3. A numerical one-step method ®y, is called time-reversible if it
satisfies ®; = Oy,

The following theorem, whose proof is straightforward, shows how to derive a
“symplectic and symmetric and time-reversible” FLAVOR from a symplectic legacy
integrator and its adjoint. Since this derivation applies to manifolds, it also leads to
structure preserving FLAVORS for constrained mechanical systems.

THEOREM 2.4. If ®} is symplectic on the cotangent bundle T*M of a configu-
ration manifold M, then

* * 1
(2.7) Os :=d: o @2’77 0%, ods
2 2 2

[SEENE

is symplectic and time-reversible on the cotangent bundle T* M.
REMARK 2.2. Observe that (except for the first and last steps) iterating ©g
defined by (2.7) is equivalent to iterating

*

(2.8) Q5 := BV 0 ®) . 0PL 0D
2 2

[NEENC
[SEENCS

It follows that a symplectic, symmetric, and reversible FLAVOR can be obtained in a
nonintrusive way from a Stérmer/Verlet integrator for (2.1) [56, 58, 117].

2.1.2. An example of a symplectic FLAVOR. If the phase space is R¢ x R%,
then an example of a symplectic FLAVOR is obtained from Theorem 2.2 by choosing
®% to be the symplectic Euler (also known as variational Euler or VE for short)
integrator defined by

o v (4 M= p—h(V(g) +alU(q))
(2.9) % (q,p) (p) +h ( (—V(q) Cal(g) ))
and letting ©; be defined by (2.5).

2.1.3. An example of a symplectic and time-reversible FLAVOR. If the
phase space is the Euclidean space R% x R¢, then an example of a symplectic and
time-reversible FLAVOR is obtained by letting ©5 be defined by (2.7) of Theorem 2.4
by choosing ®¢ to be the symplectic Euler integrator defined by (2.9) and

o, % Mil
(2.10) @, (q,p) = <]q9> +h <_V(q +hM~1p) — gU(q + hMlp)) '
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2.1.4. An artificial FLAVOR. There is not a unique way of averaging the
flows of (2.2). We present below an alternative method based on the freezing and
unfreezing of degrees of freedom associated with fast potentials. We have called
this method “artificial” because it is intrusive. With this method, the discrete flow
approximating solutions of (2.1) is given by (2.4) with

(2.11) O5 =0 06 0bY,

where 0 is a symplectic map corresponding to the flow of H*°%(q,p) = V(q),
approximating the effects of the soft potential on momentum over the mesoscopic
time step d and defined by

(2.12) 05 (a.9) = (¢:p — 6VV(q)).

0 is a symplectic map approximating the flow of H/**!(q,p) := 3p" M ~'p + 1U(q)
over a microscopic time step 7:

(2.13) Gi(q,p) = (q+TM*1p,p— EVU(q+tM*1p)) )

6" _is a map approximating the flow of the Hamiltonian HIree(q,p) := %pTM’lp
under holonomic constraints imposing the freezing of stiff variables. Velocities along
the direction of constraints have to be stored and set to be 0 before the constrained dy-
namics, i.e., frozen, and the stored velocities should be restored after the constrained
dynamics, i.e., unfrozen; geometrically speaking, one projects to the constrained sub-
symplectic manifold, runs the constrained dynamics, and lifts back to the original
full space. Oftentimes, the exact solution to the constrained dynamics can be found
(examples are given in subsections 5.3, 5.2, 6.2, 6.3, and 6.4).

When the exact solution to the constrained dynamics cannot be found easily, one
may want to employ integrators for constrained dynamics such as SHAKE [98] or
RATTLE [4] instead. This has to be done with caution because symplecticity of the
translational flow may be lost. The composition of projection onto the constrained
manifold (freezing), evolution on the constrained manifold, and lifting from it to the
unconstrained space (unfreezing) preserves symplecticity in the unconstrained space
only if the evolution on the constrained manifold preserves the inherited symplectic
form. A numerical integration preserves the discrete symplectic form on the con-
strained manifold but not necessarily the projected continuous symplectic form.

REMARK 2.3. This artificial FLAVOR s locally a perturbation of nonintrusive
FLAVORS. By splitting theory [85, 57],

1
(2.14) 05 005 00) ~ 05, 00f  00500Y ~ 05 o0  o®:,

whereas ®Y__ 0®F ~ gl 00y o@é, where 077¢¢ is the flow of H/"¢(q, p) under no
constraint. The only difference is that constraints are treated in 6" but not in ¥7¢°.
REMARK 2.4. This artificial FLAVOR can be formally regarded as ®§° o CI>T%.
In contrast, the natural FLAVOR is ®9__o <I>T%.
The advantage of this artificial FLAVOR lies in the fact that only 7 < /e < ¢
and § < ﬁ are required for its accuracy (and not é < §). We also observe that,

in general, the artificial FLAVOR overperforms the nonintrusive FLAVOR in Fermi-
Pasta—Ulam long time (O(w?)) simulations (we refer the reader to subsection 6.3).
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2.2. Variational derivation of FLAVORS. FLAVORS based on variational
legacy integrators [82] are variational too. Recall that discrete Lagrangian Lg is an
approximation of the integral of the continuous Lagrangian over one time step, and
the discrete Euler-Lagrangian (DEL) equation is obtained by applying the variational
(least action) principle to the discrete action, which is a sum of discrete Lagrangians.
The following diagram commutes:

. FLAVORization .
Singlescale Lg Multiscale Ly
ivam’ational principle lvariational principle
FLAVORization

Singlescale DEL Multiscale DEL

For example, recall that VE (i.e., symplectic Euler) for system (2.2) with time
step h

(2.15) {pk+1 =pr — h[VV(qr) + %VU(Qk)L

Qk+1 = Qi + hpry1

can be obtained by applying the variational principle to the following discrete La-
grangian:

(2.16) La/*(qk. i) = I [% (W) _ (V(qk) + %U(qk)ﬂ .

Meanwhile, FLAVORized VE with small step 7 and mesostep &

P =k — T[VV(gr) + VU (q1)],
@ = q + D),

Prr1 = D) — (0 —7)VV(q),

Gkt1 =q), + (0 — T)Pr41

(2.17)

can be obtained by applying the variational principle to the FLAVORized discrete
Lagrangian

(2.18)
Las (@ dhos 11) = Lar' “(ar, i) + Lay— o (i, Gh+1)

! (u) - (v<qk> n %U(qw) +o-7) B (‘ﬂ}_—“”“) ~ V(d)

FLAVORizations of other variational integrators such as Velocity Verlet follow
similarly.

3. SDEs. “Asymptotic problems for stochastic differential equations arose and
were solved simultaneously with the very beginnings of the theory of such equations”
[108]. Here, we refer the reader to the early work of Gihman [52], Kryloff and Bogo-
liouboft [70, 71], Bogolyubov [13], and Papanicolaou and Kohler [91]. We refer the
reader in particular to Skorokhod’s detailed monograph [108]. As for ODEs, effective
equations for stiff SDEs can be obtained by averaging the instantaneous coefficients
(drift and the diffusivity matrix squared) with respect to the fast components; we
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refer the reader to section 3 of Chapter II of [108] for a detailed analysis including
error bounds. Numerical methods such as HMM [38] and the equation-free method [7]
have been extended to SDEs based on this averaging principle. “Implicit methods in
general fail to capture the effective dynamics of the slow time scale because they can-
not correctly capture non-Dirac invariant distributions” [79] (we refer to a non-Dirac
invariant distribution as a measure of probability on the configuration space whose
support is not limited to a single point). Another idea is to treat fast variables by
conditioning; here, we refer the reader to optimal prediction [28, 27, 29] that has also
been used for model reduction. We also refer the reader to [8, 55, 112, 23, 22, 79, 2].

Since FLAVORS are obtained via flow averaging, they have a natural extension
to the SDEs developed in this section. As for ODEs, FLAVORS are directly applied
to SDEs with mixed (hidden) slow and fast variables without prior (analytical or
numerical) identification of slow variables. Furthermore, they can be implemented
using a pre-existing scheme by turning the stiff parameters on and off.

For the sake of clarity, we will start the description with the following SDE on R%:

3.1)  duf = <G(u§) + %F(ug)) dt + <H(u;) + %K(@) AW, b = o,

where (W;):>0 is a d-dimensional Brownian motion; F' and G are vector fields on R4,
and H and K are d x d matrix fields on R?. In subsection 3.5, we will consider the
more general form (3.15).

CONDITION 3.1. Assume that the following hold:

1. F, G, H, and K are uniformly bounded and Lipschitz continuous.

2. There exists a diffeomorphism n := (n*,nY), from R? onto R4™P x RP, inde-
pendent of €, with uniformly bounded C', C?, and C? derivatives, such that
the process (x5,ys) = (n”(u§), n¥(us)) satisfies the SDE
(3.2) dx® = g(z€,y°) dt + o(x, y*)dWs, x§ = xo,

' dy = ¢ f(a%,y) dt + Z-Q(z°,y )dAWr,  y§ = yo,

where g is a (d — p)-dimensional vector field; f is a p-dimensional vector
field; o is a ((d—p) x d)-dimensional matriz field; Q is a (p x d)-dimensional
matriz field; and Wy is a d-dimensional Brownian motion.

3. Let Y; be the solution to

(3.3) dY; = f(xo,Y:) dt + Q(zo, Y:) dWy, Yo = vo;

there exists a family of probability measures p(x,dy) on RP indexed by x €
RI=P and a positive function T +— E(T) such that limp_,o E(T) = 0 and
such that for all xg, yo, T, and ¢ with uniformly bounded C" derivatives for
r<3

1

T
64 |7 [ El00)] = [ otwutan.d)

< x(llwo, o) ) E(T) max [ ]

where r — x(r) is bounded on compact sets.
4. For all ug, T > 0, supg<s<p E[x(Juf])] is uniformly bounded in e.
REMARK 3.1. As in the proof of Theorem 1.2, the uniform regularity of F', G,
H, and K can be relazed to local regularity by adding a control on the rate of escape
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of the process towards infinity. To simplify the presentation, we will use the global
uniform regularity.

We will now extend the definition of two-scale flow convergence introduced in
subsection 1.2 to stochastic processes.

3.1. Two-scale flow convergence for SDEs. Let (ﬁf(t,w))teR+ weq be a se-

quence of stochastic processes on R? (progressively measurable mappings from R x
to R?) indexed by € > 0. Let (X;);cr+ be a (progressively measurable) stochastic pro-
cess on R (p > 0). Let x — v(z,dz) be a function from R?~P into the space of
probability measures on R%.

DEFINITION 3.1. We say that the process & F-converges to v(Xy,dz) as e | 0

and write & LO> v(Xe,dz) if and only if for all functions ¢ bounded and uniformly
e—
Lipschitz continuous on R?, and for all t > 0,

1 [tth

(35) i i & [ Bl ds = | [ oemxi.s)

3.2. Nonintrusive FLAVORS for SDEs. Let w be a random sample from
a probability space (€, F,P) and ®¢(-,w) be a random mapping from R? onto R?
approximating the flow of (3.1) for @« = 1/e. If the parameter a can be controlled,
then ®§ can be used as a black box for accelerating the computation of solutions of
(3.1) without prior identification of slow variables. Indeed, assume that there exist a
constant hg > 0 and a normal random vector £(w) such that for A < homin(L,1)
(3.6)

2

<1E[|c1>;;(u,w)—u—hG(u)—ahF(u)—\/EH(u)g(w)—@K(u)g(w)ﬂ) < Chi(1+a)};

then FLAVOR can be defined as the algorithm simulating the stochastic process

Up = Uo,
1
(3.7) Ugernys = PF_, (., wp) o O (Uks, wr),
= ugs for ké <t < (k+1)4,

where wy,w), are independent and identically distributed (i.i.d.) samples from the
probability space (2, F,P), 6 < hg, and 7 € (0,0) such that 7 < 1pe. Theorem 3.2
establishes the asymptotic accuracy of FLAVOR for 7 <« ¢ < § and

(3.8) (E)s <6< E

3.3. Convergence theorem.
THEOREM 3.2. Let u€ be the solution to (3.1), and let u; be defined by (3.7).
Assume that (3.6) and Condition 3.1 are satisfied; then the following hold:
o uf F-converges towards n=! * (6Xt ® u(Xt,dy)) as € | 0, where X is the
solution to

(39) dXt = /g(Xt,y) /J,(Xt,dy) dt+5(Xt) dBt, XQ = X,

where ¢ is a (d — p) x (d — p) matriz field defined by
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(3.10) 5o = /UUT(JJ, y) pl(z, dy)

and By is a (d — p)-dimensional Brownian motion.
o u; F-converges towards n~' * (5Xt ® (X, dy)) asel0,7<0, %10, % 40,
and (%) %% 1 0.

The proof of convergence of SDEs of type (3.2) is classical, and a comprehensive
monograph can be found in Chapter IT of [108]. A proof of (mean squared) convergence
of HMM applied to (3.2) (separated slow and fast variables) with ¢ = 0 has been
obtained in [38]. A proof of (mean squared) convergence of the equation-free method
applied to (3.2) with o # 0 but independent of fast variables has been obtained in [53].
Theorem 3.2 proves the convergence in distribution of FLAVOR applied to SDE (3.1)
with hidden slow and fast processes. One of the main difficulties of the proof of
Theorem 3.2 lies in the fact that we are not assuming that the noise on (hidden)
slow variables is null or independent from fast variables. Without this assumption,
xg converges only weakly towards X, the convergence of u¢ can be only weak, and
techniques for strong convergence cannot be used. The proof of Theorem 3.2 relies
on a powerful result by Skorokhod (Theorem 1 of Chapter II of [108]) stating that
the convergence in distribution of a sequence of stochastic processes is implied by the
convergence of their generators. We refer the reader to subsection A.2 of the appendix
for the detailed proof of Theorem 3.2.

3.4. Natural FLAVORS. As for ODEs, it is not necessary to use legacy inte-
grators to obtain FLAVORS for SDEs. More precisely, Theorem 3.2 remains valid if
FLAVORS are defined to be algorithms simulating the discrete process

Uy = U,
(311) ﬂ(/’@‘Jrl)& = og—r(wwl/c) © Hi(ﬂkéawk)v
gy = urs for kd <t < (k+1)4,

where wg, w), are i.i.d. samples from the probability space (2, F,P) and 6< and 6§ _
are two random mappings from R? onto R? satisfying Condition 3.2. More precisely,
0<(.,w) approximates in distribution the flow of (3.1) over time steps 7 < €. 05 (.,w)
approximates in distribution the flow of

(3.12) dvi = G(vy) dt + H(v;) dW,

over time steps h < 1.
CONDITION 3.2. Assume that the following hold:

1. There exist hg, C > 0, and a d-dimensional centered Gaussian vector &(w)
with identity covariance matriz such that for h < hg

1

2

(3.13) (Eﬂof(u,w) —u— hG(u) — \/EH(u)g(w)ﬂ) < Cnd.

2. There exist 9, C > 0, and a d-dimensional centered Gaussian vector &(w)
with identity covariance matriz such that for T < g
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(3.14)
<E

| )
<e(2)!

3. For all up, T > 0, SuPogngT/éE[X(H@néH)] is uniformly bounded in €, 0 <
d < ho, and 7 < min(rpe, ), where @ is defined by (3.11).

3.5. FLAVORS for generic stiff SDEs. FLAVORS for stochastic systems
have a natural generalization to SDEs on R¢ of the form

Gr(0) — = 7G) — TR () ~ VTHWER) K ()

(3.15) du®® = F(u®, a,€) dt + K(u™, a, €) dWy,

where (W});>0 is a d-dimensional Brownian motion, and F' and K are Lipschitz con-
tinuous in u.
CONDITION 3.3. Assume that the following hold:

1. v—= F(u,a,v) and v — K(u,q,y) are uniformly continuous in the neighbor-
hood of 0.

2. There exists a diffeomorphism n = (n*,nY), from R? onto RI™P x RP, in-
dependent from €, o, with uniformly bounded C*, C?, and C? derivatives,
such that the stochastic process (x@,y®) = (n=(u®), n¥(u°)) satisfies for
all a > 1 the SDE

(3.16) dz® = g(z®,y*) dt + o(z®,y*) dW, T8 = 20,

where g is a (d— p)-dimensional vector field, o is a ((d— p) x d)-dimensional
matriz field, and g and o are uniformly bounded and Lipschitz continuous in
x and y.

3. There exists a family of probability measures u(x,dy) on RP such that for all
20, Yo, T ((wo,y0) == n(uo)), and ¢ with uniformly bounded C" derivatives
forr <3

T
%/O E[gp(yg")] ds—/%ﬁ(y)ﬂ(xo,dy)

(3.17) < x(Il(zo, yo)I) (B1(T) + E2(Ta")) max [|¢llcr,

where r — x(r) is bounded on compact sets and Es(r) — 0 as r — oo and
Ei(r) =+ 0asr—0.
4. For all vy, T > 0, sup0<t<TIE[x(Hu?’0|m is uniformly bounded in o > 1.
REMARK 3.2. As in the proof of Theorem 1.2, the uniform regularity of g and
o can be relazed to local regularity by adding a control on the rate of escape of the
process towards infinity. To simplify the presentation, we have used the global uniform
reqularity.
Let w be a random sample from a probability space (2, F,P) and ®7°(.,w) be
a random mapping from R? onto R? approximating in distribution the flow of (3.15)
over time steps 7 < e. If the parameter « can be controlled, then ®}"° can be used as
a black box for accelerating the computation of solutions of (3.15). The acceleration
is obtained without prior identification of the slow variables.
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CONDITION 3.4. Assume that the following hold:
1. There exist hg, C > 0, and a d-dimensional centered Gaussian vector &(w)
with identity covariance matriz such that for h < hg, 0 < e <1 < «, and
h < homin(=,1)
(3.18)

2
3v

(EUCI)Z‘E(U) —u—hF(u,a,¢) — \/ﬁf(w)K(u,a,e)ﬂ) <Chz(1+a™).

2. For all ug, T' > 0, supo<,<7/s E[x(ltns|)] is uniformly bounded in €, 0 <
d < ho, and 7 < min(hoe”,0), where u is defined by (3.19).
FLAVORS. Let § < hy and 7 € (0,0) such that 7 < m9e”. We define FLAVORS
as the class of algorithms simulating the stochastic process t — u; defined by

Uy = ug,
1 €/ _
(3.19) Ur1ys = PP (L wh) 0 @5 (ks wi),
uy = ugs for kd <t < (k+1)4,

where wy, wy, are i.i.d. samples from the probability space (Q2, F,P).

REMARK 3.3. wy simulates the randomness of the increment of the Brownian
motion between times 0k and 6k + 7. w), simulates the randomness of the increment
of the Brownian motion between times 6k + 7 and §(k + 1). The independence of wy,
and wj, is a reflection of the independence of the increments of a Brownian motion.

The following theorem shows that the flow averaging integrator is accurate with
respect to F-convergence for 7 < ¢” < § and

(3.20) (elu)% S ely

THEOREM 3.3. Let uf’E be the solution to (3.15) with a = 1/e, and let uy be
defined by (3.19). Assume that Conditions 3.3 and 3.4 are satisfied; then the following
hold:

. uf’e F-converges towards n~1 * (6Xt ® ,u(Xt,dy)) as € | 0, where X, is the
solution to

(3.21) dX; = /g(Xt,y)u(Xt,dy) +0(Xe)dBy,  Xo = wo,
where & is a (d — p) X (d — p) matriz field defined by

(3.22) 5l = /crch(x,y) w(z, dy)

and By is a (d — p)-dimensional Brownian motion.
v 3
e Ase 0, 7¢7” | 0,05 |0, and (T )2% 1 0, the numerical solution u; F-

converges towards n~1 * (5Xt ® w(Xe, dy)) as € [ 0, where X; is the solution

to (3.21).
Proof. The proof of Theorem 3.3 is similar to the proof of Theorem 3.2. The
condition ¢ < 1 is needed for the approximation of u®*¢ by u®° and for the F-

convergence of ut?. Since ye = n¥(u"), the condition 7 < €” is used along with

le. . . .
(3.18) for the accuracy of ;" in (locally) approximating yf*. The condition § < %
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allows for the averaging of g and o to take place prior to a significant change of xay;
1
more precisely, it allows for m > 1 iterations of ®£°° prior to a significant change of

3
zay. The condition (£)? < § is required in order to control the error accumulated

1
by m iterations of ®£°°. O

4. Stochastic mechanical systems: Langevin equations. Since the foun-
dational work of Bismut [12], the field of stochastic geometric mechanics has grown in
response to the demand for tools to analyze the structure of continuous and discrete
mechanical systems with uncertainty [107, 60, 115, 30, 87, 86, 89, 72, 81, 18, 17, 19].
Like their deterministic counterparts, these integrators are structure preserving in
terms of statistical invariants.

In this section, FLAVORS are developed to be structure preserving integrators
for stiff stochastic mechanical systems, i.e., stiff Langevin equations of the form

(41) dg=M""p,
' dp = —VV(q) dt — VU (q)dt — epdt + /26 TczdW,
and of the form

dg=M""p,
1
dp=—-VV(q)dt — 1VU(q)dt — <pdt + /2 “1EdW,

€

(4.2)

where c is a positive symmetric d X d matrix.

REMARK 4.1. Provided that hidden fast variables remain locally ergodic, one can
also consider Hamiltonians with a mizture of both slow and fast noise and friction.
For the sake of clarity, we have restricted our presentation to (4.1) and (4.2).

Equations (4.1) and (4.2) model a mechanical system with Hamiltonian

(4.3) H(q,p) := %pTM‘lp +Vig) + %U(q)-

The phase space is the Euclidean space R% x R% or a cotangent bundle T*M of a
configuration manifold M.

REMARK 4.2. If ¢ is not constant and M is not the usual R x R? Euclidean
space, one should use the Stratonovich integral instead of the Ité integral.

4.1. FLAVORS for stochastic mechanical systems on manifolds. As in
section 2, we assume that we are given a mapping ®§’ acting on the phase space such
that for h < homin(1, " 2)

(44)  |95(@p) — (@) — (M 'p,~V(g) — al(g)| < CH*(1 + ),

Next, consider the following Ornstein—Uhlenbeck equation:

(4.5) dp = —acpdt + Jar/2B- 12 dW,.

The stochastic flow of (4.5) is defined by the following stochastic evolution map:

(4.6) Uy n(ap) = <q,e‘“‘<t2‘“>p+ V2B Tace e—“"(trs)dWS) .

to
t1
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Let § < hg and 7 € (0,6) such that 7 < 79/4/a. FLAVOR for (4.1) can then be
defined by

(4.7) {(Qmpo) = (q0, po),

l — —
(@k+1)5: D(+1)8) = Pg_r 0 Uhs i iays © PF 0 Uis s r (Ths, Dis)

and FLAVOR for (4.2) can be defined by

{(Qmpo) = (qo,po),

(48) — _ 0 1 1 — _
(A1 1)8: Pk 1ys) = P50 @7 o Wisy st (s Prs)-

Theorem 3.3 establishes the accuracy of these integrators under Conditions 3.3

3
and 3.4 provided that 7 < /¢ < § and (ﬁ) PRI

4.2. Structure preserving properties of FLAVORS for stochastic me-

chanical systems on manifolds. First, observe that if ® and \I/,ll are symmetric
under a group action for all € > 0, then the resulting FLAVOR, as a symmetric
composition of symmetric steps, is symmetric under the same group action (see the
comment below Theorem 2.4).

Similarly, the following theorem shows that FLAVORS inherit structure preserv-
ing properties from those associated with ®§ (the component approximating the Ham-
iltonian part of the flow).

THEOREM 4.1.

o If ®¢ is symplectic, then the FLAVORS defined by (4.7) and (4.8) are quasi-
symplectic as defined in Conditions RL1 and RL2 of [88] (it degenerates to a
symplectic method if friction is set equal to zero and the Jacobian of the flow
map is independent of (q,p)).

o If, in addition, c is isotropic, then FLAVOR defined by (4.7) is conformally
symplectic; i.e., it preserves the precise symplectic area change associated with
the flow of inertial Langevin processes [84].

Proof. Those properties are a consequence of the fact that FLAVORS are split-
ting schemes. The quasi symplecticity and symplectic conformality of the geometric
Langevin algorithm (GLA) has been obtained in a similar way in [17]. O

4.2.1. Example of quasi-symplectic FLAVORS. An example of a quasi-
symplectic FLAVOR can be obtained by choosing ®¢ to be the symplectic Euler
integrator defined by (2.9). This integrator is also conformally symplectic if ¢ is
isotropic and friction is slow.

4.2.2. Example of quasi-symplectic and time-reversible FLAVORS. De-
fining ®¢ by (2.9) and ®;"" by (2.10), an example of a quasi-symplectic and time-
reversible FLAVOR can be obtained by using the symmetric Strang splitting:

= > o @l :
(4.9) (q(k+l)57p(k+1)5) = \Ijl%c5+g,(k+1)5 ° (I)% od,; . o @‘%1 o (I)% ° \1111571“”%((];17)

2 2

for (4.1) and

1 1
3%

(. 9) B € 0, % %
(4.10) (G(h+1)6)Pk+1)8) = ¥y 1)5- 2 (o105 0P 0P, 0®9_, 0Pz oW sz (0,)

2 2

for (4.2). This integrator is also conformally symplectic if ¢ is isotropic and friction
is slow.
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4.2.3. Example of Boltzmann—Gibbs reversible Metropolis-adjusted
FLAVORS. Since the probability density of W, ;, can be computed explicitly, it
follows that the probability densities of (4.9) and (4.10) can be computed explic-
itly, and these algorithms can be metropolized and made reversible with respect to
the Gibbs distribution, as has been shown in [19] for GLA introduced in [17]. This
metropolization leads to stochastically stable (and ergodic if the noise applied on
momentum is not degenerate) algorithms. We refer the reader to [19] for details. Ob-
serve that if the proposed move is rejected, the momentum has to be flipped and the
acceptance probability involves a momentum flip. It is proved in [19] that GLA [17]
remains strongly accurate after a metropolization involving local momentum flips.
Whether this preservation of accuracy over trajectories transfers in a weak sense (in
distributions) to FLAVORS remains to be investigated.

5. Numerical analysis of FLAVOR based on VE.
5.1. Stability. Consider the following linear Hamiltonian system:

2

1 1 1 w
(5.1) H(z,y,pe,py) = 5% + 50y + 527 + 5 (y — @)

with w > 1. Here, ‘TQﬂ is the slow variable and y — x is the fast variable.

It can be shown that, when applied to (5.1), symplectic Euler (2.9) is stable if and
only if h < v/2/w. Write ©s, as the nonintrusive FLAVOR (2.5) obtained by using
symplectic Euler (2.9) as a legacy integrator. Write 05, as the artificial FLAVOR
described in subsection 2.1.4.

THEOREM 5.1. The nonintrusive FLAVOR ©Os » with 1/\/T > w > 1 is stable
if and only if § € (0,2). The artificial FLAVOR ©f _ with 1/7 > w > 1 is stable if
and only if 6 € (0,2v/2).

Proof. The numerical scheme associated with ©s , can be written as

Yn+1 Yn
X 1 Tn
5.2 n+t —T
(5:2) e ()
(pr)n+l (pz)n
with
1 0 6—7 0 1 00 0]t 07 0 1 0 0 0
001 0 -7 0O 100010 0 1 0 0
“lo 0o 1 0 r—6 0 1 0] |0 0 1 O |-7T@+1) 7w* 1 0
00 0 1 0 0 0 1/|0 0 0 1 Tw? —rw® 0 1

The characteristic polynomial of T is

(5.3)

M op (=4 4062 - 8272 42073 — 71 4+ 207w? — 6272w + 2673w? — THWA)N3 + (6 — 262
+ 26272 — 4673 + 271 — 407W? 4 63 1w? + 202 7%w? — 4673W? — 373w 4 274w
+20%7w? — 575w\

+ (=4 +06% = 6277 + 2073 — 4 + 207w? — 0%72W? + 267°w? — THWA)A + 1.

Since w > 1, 7 < 1/w?, as long as § < 1, roots to the above polynomial are (by
continuity; we refer the reader, for instance, to Theorem 1 of [34]) close to roots to
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Stability domain of non-intrusive FLAVOR Stability domain of artificial FLAVOR
R
25 b 25
w 1.5 b w 1.5

05 1 05
° 10" 10° o 107 10" 10° % 05 {/:W 15 2
(a) Nonintrusive FLAVOR (b) Artificial FLAVOR

Fic. 5.1. Stability domain of the nonintrusive and artificial FLAVORS applied to (5.1) as a
function of § and T/e. w = 1/4/e = 1000.

the asymptotic polynomial
(5.4) M4 (0% = A3+ (6 — 26%)A% + (62 — A + 1,

which can be shown to be 1 with multiplicity 2 and £ (2 —§%£6v/6% — 4). It is easy to
see that all roots are complex numbers with moduli less than or equal to one if and
only if |§] < 2.

The numerical scheme associated with ©F _ can be written as in (5.2) with
(5.5)

9
=2}

10 5 &f 1 0 00t o 0][1 000
T L 0 1 00[|01 0 7[|[0 100
100 1 0| |-mw? Tw? 1 0[|0 0 1 0Of|=6 0 10

00 0 1 w? —7w?® 0 1/ {0 0 0 1J[0 0 0 1

The characteristic polynomial of T is

At (4w?7? + 76 + 6% — 8)A3 + (12 — 26% — 207 — 87%w? + 262 7%w?)\?
(5.6) + (4w?T? + 76 + 0% —8)A + 2.

Similarly, since w > 1, 7 < 1/w, as long as § < 1, roots to the above polynomial are
close to roots to the asymptotic polynomial

(5.7) A+ (62 — )N + (12— 26H)A2 + (62 — )N + 1,

which can be shown to be 1 with multiplicity 2 and (4 — 62 + §v/62 — 8). All roots
are complex numbers with moduli less than or equal to one if and only if || <
2v2. O

Figures 5.1(a) and 5.1(b) illustrate the domain of stability of the nonintrusive
FLAVOR (based on symplectic Euler (2.5) and (2.9)) and artificial FLAVOR (2.11)
applied to the flow of (5.1), i.e., values of § and 7/e ensuring stable numerical inte-
grations. We observe that the artificial FLAVOR has a much larger stability domain
than the nonintrusive FLAVOR. Specifically, for the nonintrusive FLAVOR and large
values of §, 7 = o(+/€) is not enough and one needs 7 = o(¢) for a stable integration,
whereas the artificial FLAVOR requires only 7 = v/2¢, a minimum requirement for a
stable symplectic Euler integration of the fast dynamics.
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Notice that there is no resonance behavior in terms of stability; everything below
the two curves is stable and everything outside is not stable (plots not shown).

5.2. Error analysis. The flow of (5.1) has been explicitly computed and com-
pared with solutions obtained from the nonintrusive FLAVOR based on symplectic
Euler ((2.5) and (2.9)) and with artificial FLAVOR (2.11).

The total simulation time is 7" = 10, and absolute errors on the slow variable
have been computed with respect to the Euclidean norm of the difference in posi-
tions between analytical and numerical solutions. Stability is investigated using the
same technique used in subsection 5.1. Figures 5.2(a) and 5.2(b) illustrate errors as
functions of mesostep § and renormalized small step 7/e. Observe that the given
d errors are minimized at specific values of 7/¢ for both integrators, but the accuracy
of the nonintrusive FLAVOR is less sensitive to 7/e. Figures 5.2(c¢) and 5.2(d) plot
the optimal value of 7/¢ as a function of ¢ and the associated error. Observe also
that for the nonintrusive FLAVOR the dependence of the optimal value of 7/¢ on &
is weak, whereas for the artificial FLAVOR the optimal value of 7/¢ roughly scales
linearly with ¢. Figures 5.2(e) and 5.2(f) describe how error changes with small step 7
for mesostep d fixed. Figure 5.2(e) can be viewed in correspondence with the con-
dition § < 7/€ required for accuracy. This requirement, however, is just a sufficient
condition to obtain an error bound, as we can see in Figure 5.2(f). There the weak
dependence of the error on 7/e for a fixed § shows that one does not have to choose
the microstep with too much care or optimize the integrator with respect to its value
if the artificial FLAVOR is used. As a matter of fact, all the numerical experiments
illustrated in this paper (except for Figures 5.2(c) and 5.2(d)) have been performed
without any tuning of the value 7/e. We have simply used the rule of thumb § ~ vZ,
where 7 is a small parameter (0.1, for instance).

Therefore, it appears that the benefits of artificial FLAVORS lie in their superior
accuracy and stability.

Notice that there is no resonant value of 6 or 7.

5.3. Numerical error analysis for nonlinear systems. In this subsection,
we will consider the nonlinear Hamiltonian system

_1w2
(y=2)"+e (2 -y

!

1, 1, 1
(5:8) H(2,y,2,Pa,py,p:) = 5P5+ 5P, +gpe+at +¢ 5

2 2 2

Thus, the potential is U = 2L (y — z)? 4+ 22 (z — y)? and V = 2. Here, ZHLE2 acts as

a slow degree of freedom and y — = and z — y act as fast degrees of freedom.

Figure 5.3 illustrates t w (slow variable, convergent point-wisely)
and t — (y(t) — x(t), z(t) — y(t)) (fast variables, convergent in measure) computed
with symplectic Euler and with the induced symplectic FLAVOR, (2.5). Define ¢ :=
(z,y,z). To illustrate the F-convergence property of FLAVOR, we fix H = 1, vary
the mesostep 6 = H/M by changing M, and show the Euclidean norm error of the
difference between - Zi]\ial q(T — ih/M) computed with FLAVOR and computed
with symplectic Euler in Figure 5.4(a). Notice that, without an averaging over time
length h, the error will be no longer monotonically but oscillatorily decreasing as
0 changes (plots not shown) because fast variables are captured only in the sense
of measure. As shown in Figure 5.4(a), the error scales linearly with < for M not
too small, and therefore the global error is a linear function of the mesostep § and
the method is first order convergent. Figure 5.4(b) shows that the error in general
grows linearly with the total simulation time, and this linear growth of the error has
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error

_y
-3 107 10
10 we?

(a) Error of nonintrusive FLAVOR as a func-

tion of § and 7/+/€. Notice that not all pairs
of step lengths lead to stable integrations.

The smallstep length that minimizes the error
1

% 0.005¢
0 . . . .
0.02 0.04 0.06 0.08 0.1
3
Minimial error
0.02
2001
7
0

002 004 005 008 04
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(c) Optimal 7/4/€ and error of nonintrusive
FLAVOR as functions of §

Error as a function of < for 5=0.01

1/51/2

(e) Error dependence on 7/+/€ for a given §:
nonintrusive FLAVOR
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0" 3 2 10
1/51/210

(b) Error of artificial FLAVOR as a function
of § and 7/+/€

The smallstep length that minimizes the error

% 0.05/
0 . . . .
0.02 0.04 0.06 0.08 0.1
3
Minimial error
0.02
2oo01f
(7]
0

002 004 006 008 04
&

(d) Optimal 7/y/e and error of artificial
FLAVOR as functions of ¢

Error as a function of 1 for §=0.01
0.05

0.04

0.03

error

0.02

0.01

_:/EWZ

(f) Error dependence on 7/4/€ for a given §:
artificial FLAVOR

F1G. 5.2. Error analysis of (5.1). Parameters are w = /e = 103, z(0) = 0.8, and y(0) =
z(0) + 1.1/w.

been observed for a simulation time larger than w (e~'/?). Figure 5.4(c) shows that
the error does not depend on w (e~'/2) for a fixed J, as long as € is not too large
(i.e., w is not too small); the error is instead controlled by M. This is not caused
by reaching the limit of machine accuracy; it is a characteristic of the method: the
plateau for large w corresponds to the complete scale separation regime of FLAVOR
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Slowe variable integrated by VE Fast variables integrated by WVE
c =
8 S
(=] o
[ o
-1 - - y - 0.1 . . .
0 10 20 30 40 50 4998 49.985 49,99 49,985 50
Time Tire
Slow variable integrated by FLAYORS Fast variables integrated by FLAVORS
1
0.5
c =
=] =]
2 a
[ o
045
-1 ; ; ; ; -0 - - -
0 10 20 30 40 50 49.6 487 49.8 459 a0
Time Time

Fic. 5.3. Comparison between trajectories integrated by VE and FLAVOR (defined by (2.5)
and (2.9)). FLAVOR uses mesostep 6 = 0.01 and microstep 7 = 0.0005, and symplectic Euler
uses time step 7 = 0.0005. Time azes in the right column are zoomed in (by different ratios) to
tllustrate the fact that fast variables are captured in the sense of measure. FLAVOR accelerated
the computation by roughly 20z (5§ = 207). In this experiment, ¢ = 1076, w1 = 1.1, wy = 0.97,
z(0) = 0.8, y(0) = 0.811, 2(0) = 0.721, p-(0) = 0, py(0) = 0, and p.(0) = 0. Simulation time is
T = 50.

%10

g 02 o —
p £ =
2015 £ 03 £ 45
= i @
z g <
= 01 =02 T g
= = =
S 008 5 01 S &5
5 5 5
oo 0 o 8
01 008 006 004 002 O 0 2000 4000 EOOO 6000 10000 o o5 52 28
1 T @ (10
(a) Asymptotically linear er- (b) Asymptotically linear er- (c) Asymptotically indepen-
ror dependence on § = 1/M ror dependence on total sim- dent of the scaling factor w

ulation time T

Fi1G. 5.4. Error dependence on parameters in a FLAVOR simulation of (5.8).

as a multiscale method.

Notice that there is no resonant value of § in the sense of convergence.

The fact that the error scales linearly with total simulation time is a much stronger
(numerical) result than our (theoretical) error analysis for FLAVORS (in which the
error is bounded by a term growing exponentially with the total simulation time).
We conjecture that the linear growth of the error is a consequence of the fact that
FLAVOR is symplectic and is true only for a subclass of systems, possibly integrable
systems. A rigorous analysis of the effects of the structure preservation of FLAVORS
on long term behavior remains to be done.
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6. Numerical experiments.

6.1. Hidden Van der Pol oscillator (ODE). Consider the following system
of ODEs:

(6.1) {7’" = L(rcos +rsinf — 1r3cos®§) cos# — ercosfsinb,

0 = —€ecos? — L(cosf +sin — 1r? cos® ) sin 6,

where € < 1. Taking the transformation from polar coordinates to Cartesian coordi-
nates by [z,y] = [rsin@,r cosf] as the local diffeomorphism, we obtained the hidden
system

(6.2) {m -y

g=t(z+y—39°.

Taking the second time derivative of y, the system can also be written as the second
order ODE

(63) j+y=20-9)

The latter is a classical Van der Pol oscillator [116]. The nonintrusive FLAVOR as
defined by (1.34) can be directly applied to (6.1) (with hidden slow and fast processes)
by turning the stiff parameter % on and off. More precisely, defining &< (r, 9) by
(6.4)

D (r,0) == <g> T ah ((TCOS@ +rsing — 1 cos® 0) cos 9) e <r cosﬁsin@) 7

—(cos@ +sinf — %rz cos® 0) sin 0 cos? 0

FLAVOR is defined by (1.34) with @ = (7,0), i..,

(6.5) (7, 0) = (D20 ®5) (ro,00) for ko <t < (k+1)d.

We refer the reader to Figure 6.1 for a comparison of integrations by forward Euler,
used as a benchmark, and FLAVORS. FLAVORS give trajectories close to forward
Euler and correctly capture the (’)(%) period [116] of the relaxation oscillation. More-
over, a 200x acceleration is achieved using FLAVOR.

6.2. Hamiltonian system with nonlinear stiff and soft potentials. In this
subsection, we will apply the symplectic Euler FLAVOR defined by (2.5) and (2.9) to
the mechanical system whose Hamiltonian is

(6.6) H(y,z,py, o) i= %pi - %pi +e Yo+ (w—y)t
Here, stiff potential e 71U = ¢ 19 and soft potential V' = (z —%)* are both nonlinear.
Figure 6.2 illustrates t — y(t) (dominated by a fast process), t — z(t) — y(t) (a
slow process modulated by a fast process), and ¢ — H(t) computed with symplectic
Euler, the induced symplectic FLAVOR ((2.5) and (2.9)), and IMEX [109]. Notice
that © — y is not a purely slow variable but contains some fast component, and
therefore the FLAVOR integration of it contains a modulation of local oscillations,
which could be interpreted as that fast component slowed down by FLAVOR. It is
not easy to find a purely slow variable or a purely fast variable in the form of (1.2) for
this example, but the integrated trajectory for such a slow variable will not contain
these slowed-down local oscillations.
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Fi1a. 6.1. Over a timespan of 5/€ are shown (a) the direct forward Euler simulation of (6.2)
with time steps resolving the fast time scale, (b) the (nonintrusive (1.34)) FLAVOR simulation of
(6.2), and (c) the polar to Cartesian image of the (nonintrusive (1.34)) FLAVOR simulation of
(6.1) with hidden slow and fast variables. Forward Euler uses time step h = 0.05¢ = 0.00005. The
two FLAVOR simulations use § = 0.01 and 7 = 0.00005. Parameters are % = 1000, z(0) = 1, and

y(0) = 1.

6.3. Fermi—Pasta—Ulam problem. In this subsection, we will consider the
Fermi-Pasta—Ulam (FPU) problem [43] illustrated by Figure 6.3 and associated with
the Hamiltonian
Z: P3i1 +D3) + T ;(%i —qi-1)" + Z(‘Di+l —q2)"

=0

6.7) Hg

l\D|’—‘

The FPU problem is a well-known benchmark problem [83, 57] for multiscale inte-
grators because it exhibits different behaviors over widely separated time scales. The
stiff springs behave nearly like harmonic oscillators with period ~ O(w=!). Then the
centers of masses linked by stiff springs (i.e., the midpoints of stiff springs) change
over a time scale O(1). The third time scale, O(w), is associated with the rate of
energy exchange between stiff springs. Energy exchange among stiff springs extends
to even slower time scales, in either a periodic or a chaotic fashion [46, 45]. On the
other hand, the total energy of the stiff springs behaves almost like a constant. This
wide separation of time scales can be seen in Figures 6.4, 6.5, and 6.6, where four
subplots address different scales: Subplotl shows the fast variables (g2; — qoi—1)/V/2;
Subplot2 shows one of the slow variables (g2 + q1)/v/2; Subplot3 shows the energy
transfer pattern among stiff springs, which is even slower; and Subplot4 shows the
near-constant total energy of three stiff springs. All four subplots are time series.
A comprehensive survey on geometric integration of the FPU problem can be found
in [57].

Figures 6.4(a) and 6.4(b) compare symplectic Euler (with time steps fine enough
to resolve FPU over the involved long time scale) and with the artificial FLAVOR
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FIG. 6.2. In this experiment, ¢ = 1076, y(0) = 1.1, z(0) = 2.2, py(0) = 0, and p(0) = 0.
Simulation time is T = 2. FLAVOR (defined by (2.5) and (2.9)) uses mesostep 6 = 1073 and
microstep T = 1075, VE uses small time step T = 1072, and IMEX uses mesostep § = 1073, Since
the fast potential is nonlinear, IMEX is an implicit method and nonlinear equations have to be solved
at every step, and IMEX turns out to be slower than VE. FLAVOR is strongly accurate with respect
to slow variables and accurate in the sense of measures with respect to fast variables. Compared to
symplectic Euler, FLAVOR accelerated the computation by roughly 100zx.

Fi1G. 6.3. Fermi—-Pasta—Ulam problem [43]—one-dimensional chain of alternatively comnected
harmonic stiff and nonharmonic soft springs.

(2.11). On a time scale O(w) (w > 1), FLAVOR captured the slow variable’s periodic
behavior with the correct period and phase, as well as the slower process of energy
transfer. At the same time, FLAVOR accelerated the computation by roughly 40x
(since & = 407").

It is not worrisome that the artificial FLAVOR, produces stiff spring energy tra-
jectories with rapid local oscillations, which exhibit both thicker individual energy
curves and total energy with larger variance. In fact, these local oscillations do not
seem to affect the global transfer pattern or its period and are caused by the numer-
ical error associated with microstep 7. This can be inferred by using the artificial
FLAVOR introduced in subsection 2.1.4 with 6¢ corresponding to the exact flow of
H/9st (rather than its VE approximation: this specific artificial Euler resembles the
impulse method, but the impulse method will yield unbounded trajectories if one
runs even longer time simulations, whereas FLAVORS do not seem to have an error
growing exponentially with the total simulation time). As illustrated in Figure 6.7,
exact flow helps to obtain thin energy curves of stiff springs with no rapid local oscil-
lations as well as a total energy with a variance smaller than that given by the fine
VE (Figure 6.4(a)), with the transfer pattern similar to Figure 6.4(b).
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with zoomed-in time axis (~ 380 in total 10~% = 0.1/w. 38 periods in Subplot2
over the whole simulation span). with zoomed-in time axis (~ 380 in to-
tal over the whole simulation span).

Fic. 6.4. Simulations of the FPU problem over T = 2w. Subplot2 of both figures has zoomed-in
time axes so that if phase lag or any other distortion of trajectory exists, it could be investigated
closely. In this experiment, m = 3, w = 103, x(0) = [0.4642, —0.4202, 0.0344, 0.1371, 0.0626, 0.0810]

is randomly chosen, and y(0) = [0,0,0, 0,0, 0].

1 1 N
7000 _BODD 9000 10000
p

om , , , ; oo . . , | , ,
1000 2000 3000 9000 10000 o 1000 2000 3000 4000 5000 5000
B dpo 5 Midpoint position of the
o o
1000 2000 3000 4000 5¥DD . ¢ 6000, 7000 8000 5000 10000 o 1000 2000 3000 4000 5000 000 7000 8000 8000 10000
| i _Energies of stiff springs | | _Energies of stiff springs . .
05 — 0s -
a o
o 1000 2000 3000 4000 5000 . BOOO . 7000 5000 5000 10000 a 1000 2000 3000 4000 5000 6000 . 7000 8000 2000 10000
052 0B
os 0s
s | , | | | | | | | 04 | | | | | | | | |
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 a 1000 2000 3000 4000 5000 6000 7000 8000 G000 10000

(b) By artificial FLAVOR (2.11) with mesostep

(a) By Velocity Verlet with small time step h =
¢ = 0.002 and microstep 7 = 0.0005 = 0.1/w.
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(¢) By IMEX with mesostep § = 0.002. (d) By impulse method with mesostep & =
0.002.
Fia. 6.5. Simulations of the FPU problem over T = %oﬂ. Initial conditions are z(0) =

[1,0,0,1/w,0,0] and y(0) = [0,0,0,0,0,0] so that energy starts concentrated on the leftmost soft
and stiff springs, propagates to the right, bounces back, and oscillates among springs. We chose a
smaller w = 200 because with a larger w it would take weeks to run Velocity Verlet on a laptop.
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F1G. 6.7. By artificial FLAVORS (subsection
2.1.4) based on exact fast flow with mesostep § =
0.002 and microstep T = 10~%. Less oscillatory
stiff spring energies. 38 periods in Subplot2 with
zoomed-in time axis (~ 380 in total over the whole

simulation span).

Now we reach further to O(w?) total integration time to investigate different inte-
grators’ performances in capturing long time energy exchange patterns (Figure 6.5).

There is a significant difference among stiff spring energy transfer patterns pro-
duced by Velocity Verlet, FLAVOR, IMEX, and the impulse method. Here, there is
no analytic solution or provably accurate method for comparison. FLAVOR is the
only method that shows periodic behavior on the long time scale, and convergence
tests show that FLAVOR'’s trajectories remain stable under small variations of step
sizes.

Notice that the system would be integrable and periodic if nonlinearity did not
exist (see Figure 6.6 for integration of a system in which the slow potential is quadratic;
that system, by the way, will be perfectly integrated by all FLAVORS, Velocity Verlet,
IMEX, and the impulse method). When the number of springs is fixed and very small,
in general only strong nonlinearity will destroy the periodicity of the system (see, for
instance, [80] for an example of a chaotic threshold on nonlinearity), which should
not be the case here since w is very large.

It is worth discussing why Velocity Verlet with a time step much smaller than the
characteristic length of the fast scale (O(1/w)) is still not satisfactory. Being a second
order method, it has an error bound of O(e?h?). On the other hand, backward error
analysis guarantees that the energy of the integrated trajectory oscillates around the
true conserved energy, hence eliminating the possibility of exponential growth of the
numerical solution. Nevertheless, at this moment there is no result known to the
authors to link these two analytical results to guarantee long term accuracy on the
stiff springs’ energies. The energy exchange among stiff springs is in fact a delicate
phenomenon, and a slight distortion in stiff spring lengths could easily disrupt its
period or even its periodicity.

These numerical observations seem to indicate that symplectic FLAVORS may
have special long time properties. Specifically, although we could not quantify the
error here because there is no benchmark to compare to when the total simulation
time is O(w?), the long term behavior seems to indicate an error growing much slower
than exponentially (please refer to Remark 1.7 for a discussion on exponential error
bounds and Figure 5.4(b) for another example of conjectured linear error growth). A
rigorous investigation on FLAVORS’ long time behavior remains to be done.
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F1a. 6.8. Quantities of interest in integrations of FPU over different time scales. FLAVOR
(2.11) captures the fastest time scale in the sense of measure, while Velocity Verlet cannot accurately
capture the slowest (O(w?)) time scale despite the small time step it uses. Here, FLAVOR is 200
times faster than Velocity Verlet. All parameters are the same as in Figures 6.5(a) and 6.5(b), e.g.,
w =200, § = 0.002, 7 = 0.0005, and h = 107°.

Figure 6.8 summarizes FLAVOR’s performance on various time scales in a com-
parison to Velocity Verlet.

Notice that there are many sophisticated methods designed for integrating the
FPU problem (see [57] for a review), as well as general multiscale methods that can
be applied to the FPU problem. HMM, as one state-of-the-art method in the latter
category, together with identification of slow variables [5], captured the energy transfer
between stiff springs over a time span of the order of w. Simulations shown here are
over a time span of the order of O(w?).

6.3.1. On resonances. Multiscale in time integrators are usually plagued by
two kinds of resonances.

The first kind, called Takens resonance [111], is related to the case in which there
are no closed equations for slow variables [15]. FLAVORS avoid Takens resonance
because, thanks to F-convergence, the information on the local invariant measure of
fast variables is not lost. Observe that the FPU problem has Takens resonance (the
eigenfrequencies of the strong potential are identical). Nevertheless, FLAVORS still
capture the solution trajectories given any large value of w with mesostep § > 1/w
independent of w.

The second kind [25] is related to instabilities created by interactions between
parameters €, 7, and §. For instance, if €' = w?, resonance might happen at wd
or wt equal to multiples of 7/2. The analysis provided in section 5 shows that such
unstable interaction does not occur, either in the sense of stability or in terms of peaks
of error function. This can be intuitively understood by observing that FLAVORS
never approximate cos(dw), while, on the other hand, it does approximate cos(rw),
whose resonance frequency 7 = 27/w is ruled out by the requirement that 7 < ¢ for
the nonintrusive FLAVOR and 7 <« /€ for the artificial FLAVOR.

6.4. Nonlinear two-dimensional primitive molecular dynamics. Now
consider a two-dimensional, two degrees of freedom example in which a point mass
is linked through a spring to a massless fixed hinge at the origin. While the spring
as well as the point mass are allowed to rotate around the hinge (the spring remains
straight), the more the spring mass tilts away from its equilibrium angle the more
restorative force it will experience. This example is a simplified version of prevailing
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Fic. 6.9. Simulation of (6.8). Symplectic Euler uses small time step 7 = 0.0002, and the
induced symplectic FLAVOR ((2.5) and (2.9)) uses mesostep § = 0.01 and microstep 7 = 0.0002.
In this simulation, w = 500, x(0) = 1.1, y(0) = 0.8, p.(0) = 0, py(0) = 0, and simulation time
T = 100.

molecular dynamics models, in which bond lengths and angles between neighboring
bonds are both spring-like; other potential energy terms are ignored.

Denote by = and y the Euclidean coordinates of the mass and by p, and p, the
corresponding momentums. Also introduce polar coordinates (r, ), with z = r cosf
and y = rsinf. Then the Hamiltonian reads as

1 1 1
H=_p>+ —pz + —w?(r —r9)? + (cosh)?

2 2 2

where 7o is an equilibrium bond length parameter and w is a large number denoting
bond oscillation frequency.
REMARK 6.1. This seemingly trivial example is not easy to integrate.

1. If the system is viewed in Euclidean coordinates (x,y,pg,py), it is completely
nonlinear with a nonpolynomial potential, and hence the impulse method or its
variations [54, 113, 47, 101], or IMEX [109], or the homogenization method
introduced in [20] cannot be applied using a mesostep.

2. If the Hamiltonian is rewritten in generalized coordinates (r,0,p,,pg), H =
P2 +3 i’—§+%w2(r—r0)2—|—% cos(0)?, a fast quadratic potential can be identified.
However, the mass matrix [(1) Toz} is not constant, but rapidly oscillating, and
hence methods that work for quasi-quadratic fast potentials (i.e., a “harmonic
oscillator” with a slowly changing frequency) ([20], for example) cannot be
applied.

Figure 6.9 compares symplectic Euler with the induced symplectic FLAVOR
((2.5) and (2.9)) applied to (6.8) in Euclidean coordinates.
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F1G. 6.10. One example configuration of a propane molecule.

FLAVOR reproduced the slow 6 trajectory while accelerating the simulation time
by roughly 50x (since 6 = 507). It can also be seen from both energy fluctuations and
the trajectory of the fast variable that the fast process’s amplitude is well captured,
although its period has been lengthened.

6.5. Nonlinear two-dimensional molecular clipper. We now consider a
united-atom representation of a three atom polymer with two bonds (e.g., propane
or water molecule). This is a simplified version of several prevailing molecular dy-
namics force fields (for example, CHARMM [21], AMBER ([33], or a simpler exam-
ple of butane [96, 97]). Using conservation of momentum, we fix the coordinate
system in the two-dimensional plane defined by the three atoms. We introduce
both Cartesian coordinates (x1,y1, z2, Y2, T3,ys), as well as generalized coordinates
= /(w2 —21)2 + (y2 — y1)? and ro = /(23 — ¥2)% + (y3 — y2)? for bond lengths
and 6 for the angle between the two bonds (Figure 6.10). The kinetic energy is

1 . . 1 . . 1 . .
(6.9) K.E. = gma (&1 +§7) + gma(@3 + §3) + 5ma(d5 + §53),
where mq, mso, and ms denote the masses of the atoms.
The potential energy consists of a bond term and a bond angle term, both of
which are of harmonic oscillator type:

(610) PE. = ‘/bond + Vanglea
1

(6.11) Vbond = §Kr[(r1 —70)% + (r2 = 10)?],
1

(6.12) Vangle = gKg(cos(ﬁ) — cos(f))?.

Notice that the system is in fact fully nonlinear: if written in generalized co-
ordinates, the kinetic energy will correspond to a nonlinear and position-dependent
mass matrix, whereas in Cartesian coordinates, both terms in the potential energy
are nonpolynomial functions of the configuration.

In the case of propane, m; = 15u, my = 14u, and ms = 15y, where p = 1.67 -
10~%"kg, ro = 1.53A, K, = 83.7kcal/(molA?), 6y = 109.5°, and K, = 43.1kcal/mol
[96].

The propane system is characterized by a separation of time scales to some ex-
tent: bond stretching and bond-angle bending are characterized by 10'* and 10'3 Hz
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Fic. 6.11. Simulations of an exaggerated propane molecule (subsection 6.5). Symplectic Euler
uses h = 0.01, and the induced symplectic FLAVOR ((2.5) and (2.9)) parameters are § = 0.1
and 7 = 0.01. Initial conditions are [x1,y1,T2,Y2,23,y3] = [0,0,1.533,0,2.6136,1.0826] and
[mid1, mig1, moke, maye, mads, mays] = [—0.4326, —1.6656, 0.1253, 0.2877, —1.1465, 1.1909].

vibrational frequencies, respectively [120]. To examine FLAVORS, we use unitless
parameters and exaggerate the time scale separation by setting K, to be 8370 and Ky
to be 4.31. We also let = 1, without loss of generality, for arithmetic considerations.

In this system, the bond potential is the fast potential and the bond-angle po-
tential is the slow one. It is well known that using a large time step at the time
scale corresponding to the bond-angle potential by freezing bond lengths produces
biased results, and many physics-based methods have been proposed to remedy this
difficulty (for example, by the approach of Fixman [44]; see also a review in [120]).
On the other hand, few multiscale methods work for this fully nonlinear system.

Figure 6.11 compares symplectic Euler with the induced symplectic FLAVOR
((2.5) and (2.9)) applied in Euclidean coordinates. 10x acceleration is achieved. A
simulation movie is also available at http://www.cds.caltech.edu/~mtao/Propane.avi
and http://www.acm.caltech.edu/~owhadi/.

6.6. Forced nonautonomous mechanical system: Kapitza’s inverted
pendulum. As the famous Kapitza’s inverted pendulum shows [66] (for recent ref-
erences, see [6] for numerical integration and [102] for generalization to the stochastic
setting), the up position of a single pendulum can be stabilized if the pivot of the
pendulum experiences external forcing in the form of vertical oscillation. Specifically,
if the position of the pivot is given by y = sin(wt), the system is governed by

(6.13) 160 = [g 4 w? sin(27wt)] sin 6,

where 6 denotes the clockwise angle of the pendulum from the positive y direction, [
is the length of the pendulum, and g is the gravitational constant. In this case, the
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F1a. 6.12. Simulations of the inverted pendulum. The integration by VE and the d’Alembert
principle uses time step h = 0.2/w/+/1 ~ 0.000067, while FLAVOR (defined by (6.15)) uses & = 0.002
and 7 = 0.2/w/V1. Also, g=9.8, 1 =9, 6(0) = 0.2, 6(0) = 0, and w = 1000.

rapid vibration causes the pendulum to oscillate slowly around the positive y direction
with a O(1) frequency.

A single scale integration of this system could be done by VE with the discrete
d’Alembert principle for external forces [82]

fi = w?sin(27wih),
(6.14) pi+1 = p;i + hlg + fi] sin6;,
Oit1 = 0; + hpiy1/l,

where the time step length h has to be smaller than O(1/w).
FLAVOR is given by

Qné+r = qns + TPns /1,

Prstr = Pns + Tgsin(qnsir) + w? sin(2rwnr),
Ant+1)s = Gnstr + (0 = T)pnssr /1,

P(nt1)s = Pno+r + (0 — T)gsin(qni1)s)-

(6.15)

Observe that the time-dependent force is synchronized on the 7 time scale instead
of the & time scale, specifically w? sin(2rwnT) instead of w? sin(2rwnd) in (6.15).

Numerical results are illustrated in Figure 6.12 (also available as a movie at
http://www.cds.caltech.edu/~mtao/InvertedPendulum.avi and http://www.acm.
caltech.edu/~owhadi/). Notice in this example that 6, being the only degree of free-
dom, contains a combination of slow and fast dynamics. FLAVOR could capture only
the fast dynamics in the sense of measures, and this is why dents appear as modulation
on the slow oscillation of 8. On the other hand, although this forced system does not
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admit a conserved energy, the value of the Hamiltonian should oscillate periodically
due to the periodic external driving force. While a nonmechanics-based method such
as forward Euler often produces an unbounded growth or a decrease in the energy,
FLAVORS do not have this drawback.

REMARK 6.2. Consider the case of a rapid potential of the form Q2(q1)q3 /€
(where q1 is the slow variable and qo the fast variable). In the limit of a vanishing
€, it is known that the term contributes to the effective Hamiltonian with a contribu-
tion V(q1) (the so-called Fizman term). One may suppose that FLAVOR would be
consistent only with a term of the form vV (q1), where 0 < v < 1, because the rapid
force is accounted for only over a time T < §. This intuition is not correct because
the effect of FLAVOR is not to account for the rapid force over a time T < & but
to slow down the rapid force by a fraction 7/e. This effect can also be seen in the
algorithm (6.15), where the force term w?sin(2mwnt) has been slowed down by a fac-
tor 7/6 (Kapitza’s inverted pendulum illustrates a similar phenomenon where rapid
oscillations contribute a stabilizing term to the effective Hamiltonian; nevertheless,
FLAVORS remain accurate).

6.7. Nonautonomous SDE system with hidden slow variables. Consider
the following artificial nonautonomous SDE system:
(6.16)

du = gt (—3 (55%) +5sin(2rt)) dt — 2 ((542)° +- e — 252 ) do — 24,
dv = L(252)" 4 psinmt) ) di + 1 ((22)° + o - 250 ) e+ [2aw,

where ¢ is a positive constant and the two dW; terms refer to the same Brownian
motion. The system (6.16) can be converted via the local diffeomorphism

w= (o Yy,
(6.17) {U — (& — 0)1/3 ty

4 _(_
3(u+tv)? (

into the following hidden system separating slow and fast variables:

dz = —3y2dt + 5 sin(2nt)dW,,
(6.18)

dy = Ha — y)dt + \/2dW.

Nonintrusive FLAVOR (3.7) can be directly applied to (6.16) using a time step d > ¢
without prior identification of the slow and fast variables, i.e., without prior identifi-
cation of the slow variable x or of the system (6.18). The expected values of solutions
of (6.16) integrated by FLAVORS with mesostep ¢ and Euler-Maruyama with a small
time step 7 are presented in Figure 6.13. FLAVOR has accelerated the computation
by 100x.

6.8. Langevin equations with slow noise and friction. In this subsection,
we consider the one-dimensional, two degrees of freedom system modeled by the SDEs
(now both springs are quartic rather than harmonic)

dy = pydt,

dx = p,dt,

dp, = —e Yy3dt — Ay — z)3dt — cpydt + cdW}},
dp, = —4(z — y)3dt — cpdt + cdW2.

(6.19)
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(a) FLAVOR: the systern in {uv) with slow and fast variables hidden

2 T T T T T T T T
=)
T
& ol 4
¥
=
[y
2 | I I I I I I I I
0 0z 0.4 0.6 0a 1 1.2 1.4 16 1.8 2
(b) Euler-Maruyama: the system in (uy) with slow and fast variables hidden
2 T T T T T T T T
=
T
= 0 g
T
=
[y
2 | I I I I I I I I
0 0z 0.4 0.6 0.a 1 1.2 1.4 16 1.8 2
() Euler-Maruyama: the transformed systern in (x,y) with an explicit separation of slow and fast variables
2 T T T T T T T T T
= ok _
o 0
2 | I I I I I I I I
0 0z 0.4 0.6 0a 1 1.2 1.4 16 1.8 2

Time

Fic. 6.13. (a) Integration of (6.16) by nonintrusive FLAVOR (3.7) using mesostep § = 0.01.
(b) Integration of (6.16) by Euler-Maruyama using fine time step h = 10~*. (c) Integration of
(6.18) by Euler—-Maruyama using the same small step h = 10~%. Ezpectations of the slow variable
(whether or not hidden) are obtained by empirically averaging over an ensemble of 100 independent
sample trajectories. € = 1074, 2(0) = 1+¢, y(0) = 1, and T = 2 (the expectation of the real solution
will blow up around T = 3). We have chosen ¢ = 10 so that the transformation is a diffeomorphism.

We compare several autocorrelation functions and time-dependent moments of
this stochastic process integrated by a quasi-symplectic FLAVOR ((4.7) and (2.9))
and the geometric Langevin algorithm (GLA) [17]. FLAVOR and GLA gave results
in agreement (Figures 6.14, 6.15(a), and 6.15(b)). Since GLA is weakly convergent
and Boltzmann—Gibbs preserving, this is numerical evidence that the quasi-symplectic
FLAVOR is too.

Expectations are empirically calculated by averaging over an ensemble of 100
sample trajectories with 7' = 30, ¢ = 1078, 7 = 0.001, and § = 0.01. y(0) = 2.1/w
(with w := 1/4/€), z(0) = y(0) + 1.8, ¢ = 0.1, and 0 = 0.5. GLA uses time step
h = 0.001. Noise and friction are slow here in the sense that they are not of the order
O(w) or larger.

As shown in the plots, in the regime dominated by deterministic dynamics (rough-
ly from ¢t = 0 to t = 8) various moments calculated empirically by FLAVORS and
GLA are in agreement, indicating that the same rate of convergence towards the
Boltzmann—Gibbs distribution is obtained. And in that regime, autocorrelation func-
tions of the slow variables agree, serving as numerical evidence that FLAVORS are
weakly converging towards the SDE solution, whereas autocorrelation functions of the
fast variables agree only in the sense of measures (after time averaging over a meso-
scopic (o(1)) time span). The fluctuations between FLAVORS and GLA for large
times are an effect of the finite number of samples (100) used to compute sample
averages.

Recall that if the noise is applied to slow variables, FLAVORS do not converge
strongly but only in the sense of distributions.
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GLA autocorrelation function: slow variable

S00 T T T T T
D vv\/\/vW
500 | | | | |
a g 10 15 . 20 25 3n
FLAVORS autocorrelation function: slow variable
500 T T T T T
0 \/\/\/\/\/\W
E00 1 1 1 I 1
a g 10 15 20 25 30
GLA autocorrelation function: fast variable
0.0s T T T T T
0
005 1 1 1 I 1
a 10 15 20 25 30
FLAVORS autocorrelation function: fast variable
0.0s T T T T T
0 WMW\WWMWWMM
n.os | | | | |
=3 10 15 20 25 30

Fia. 6.14. SDE (6.19): autocorrelation functions of E[y(t)y(0)] (dominantly fast) and of
E[(z(t) — y(t))(2(0) — y(0))] (dominantly slow), empirically obtained by GLA and FLAVORS.
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. ©
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=
P
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=)
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Time Time

(a) E(z(t) — y(t)) (b) E((=(t) — y(t))?)

Fia. 6.15. SDE (6.19): empirical moments obtained from simulations of ensembles of (6.19)
with GLA and a quasi-symplectic FLAVOR (subsection 4.2.1).

6.9. Langevin equations with fast noise and friction. Consider a system
with the same configuration as above. The difference is that the soft spring oscillates
at a frequency nonlinearly dependent on the stiff spring’s length, and the left mass
experiences strong friction and noise while the right mass does not. The Hamiltonian is

1 1 1
(620) H(yvxvp’uapw) = 5]972! + §pi + Zw4y4 + ey($ - 9)27

and the governing SDEs are

dy = pydt,

dx = pgdt,

dpy = —whyPdt — (2 +y — x)(y — x)e¥dt — w?cpydt + wodW?,
dp, = —2(x — y)e¥dt.

(6.21)
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GLA Empiriczal Expectation of Slow Yariable GDL.»’E%mpirical Expectation of Fast Wariable 4GLA Ernpirical “ariance of Slow Yariable

1 0.01 3
= _Dboos o
s

=0 o &2
[im] i] i)
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-2 001 0

i] a 10 0 5 10 0 a 10
Tirne Time Tirne
FLAVORS Empirical Expectation of Slow FLAVORS Empirical Expectation of Fast  FLAVORE Empirical Variance of Slow

2 0.015 4

1 0.01 3
= __0.005 o
] = =

X 0 o = 2
[im] i] i)

! -0.005 !

2 0.0 0

i] a 10 0 5 10 0 a 10
Tirne Time Tirne

Fig. 6.16. E[z(t) — y(¥)], E[y(t)], and E[z(t) — y(t)]® obtained by GLA and a quasi-symplectic
FLAVOR (subsection 4.2.1). Expectations are empirically calculated by averaging over an ensemble
of 50 sample trajectories with T = 10, w = 100, 7 = 10™%, § = 0.01, y(0) = 1.1/w, 2(0) = y(0)+1.8,
c¢=0.1, and 0 = 1. GLA uses time step h = 10~4%.

In this system, the deterministic dynamics and the effects of noise and friction both
involve a O(1/w?) time scale. We have implemented the fast noise and friction version
of FLAVORS ((4.8) and (2.9)).

In Figure 6.16, we have plotted the first and second moments of the dominantly
slow variable z(t) — y(t) as well as the first moment of the dominantly fast variable
y(t) as functions of time. Moments of the dominantly slow variable integrated by a
quasi-symplectic FLAVOR (subsection 4.2.1) and GLA [17] concur, numerically sug-
gesting weak convergence and preservation of Boltzmann—Gibbs. 100x computational
acceleration is achieved.

Appendix.
A.1. Proof of Theorems 1.2 and 1.3. Define the process ¢t — (Z¢, §:) by

(A1) (e, Ye) = n(te).

It follows from the regularity of n that it is sufficient to prove the F-convergence of
(Z¢, i) towards dx, ® u(Xy,dy). Moreover, it is also sufficient to prove inequalities
(A.2) and (A.3) in order to obtain inequalities (1.24) and (1.25):

(A.2) |z¢ — Z¢| < CeClahy(ug, €, 0, 7)
and
(A.3)
i iad
T/ @(jsa:gS)ds_‘/R @(Xtvy)M(Xtady) Sw2(u076757TvTﬂt)(”SO”L‘”"_HVSO”L‘”)'
t P
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Now define ¢¢ by

(A4) by (z,y) =no by on(z,y).
Define ¢} by
(A.5) i@, y) = mno by on~ (2, y).

PRrROPOSITION A.1. The vector fields f and g associated with the system of equa-
tions (1.2) are Lipschitz continuous. We also have

(A.6) @ 01) = (V7 0 tS) (20, 40) for kS <t < (k+1)6.

Moreover, there exists C' > 0 such that for h < hg and % < 19 we have

AD s - @) - ee).0 - L0 s@y)| s o ()
and
(A.8) 07 (2,y) = (x,y) — h(g(z,y),0)| < Ch®.

Furthermore, given xo, yo, the trajectories of (x$,ys) and (T4, ) are uniformly bound-
ed in e, § < hg, and 7 < min(7pe, 9).
Proof. Since (z,y) = n(u), we have

(A.9) T = <G—|— 1F) vt on Nz, y),
€

1

(A.10) Y= (G—I— —F) VY on L (z,y).
€

Hence, we deduce from (1.2) of Condition 1.1 that

(A11) g(z,y) = GVn® o (z,y),

(A.12) flz,y) = FVnY o~ (z,y).

We deduce the regularity of f and g from the regularity of G, F', and n. Equation
(A.6) is a direct consequence of the definition of ¢ and ] and (1.27) (we write
(20, Y0) := n(up)). Observe that (1.2) of Condition 1.1 also requires that

(A.13) EFvn® =0, GVnY =0.
Now observe that
-

(A.14)
= (no bz —n—7(GVy",0) - =

(0, V) ) o ).

Using (A.13), (1.29), Taylor expansion, and the regularity of 7, we obtain (A.7).
Similarly,

(A.15) Yy (x,y) — (x,y) —h(g(z,y),0) = (no9f—n(x,y)—h(GVn””,0)) on~(z,y).
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Using (A.13), (1.28), Taylor expansion, and the regularity of 7, we obtain (A.8). The
uniform bound (depending on xg,yo) on the trajectories of (z§,ys) and (Zy, §¢) is a
consequence of the uniform bound (given ug) on the trajectories of u§ and . O

It follows from Proposition A.1 that it is sufficient to prove Theorems 1.2 and 1.3
in the situation where n is the identity diffeomorphism. More precisely, the F-
convergence of &, is a consequence of the F-convergence of (Z¢, §;) and the regularity
of n. Furthermore, from the uniform bound (depending on (z, y9)) on the trajectories
of (zf,ys) and (Z¢, yt), we deduce that g and f are uniformly bounded and Lipschitz
continuous (in €, 0 < hg, 7 < min(7pe, d)) over those trajectories.

Define

g:= /g(x7y)u(x7dy),

where g is the family of measures introduced in Condition 1.2. Let us prove the
following lemma.

LEMMA A.2.
21
(A.16) |265 — Tns| < OO0 (5—|— (I) — -+ sup |J(l)|)
e/ §  i<i<n
with J(k) = Jy (k) + J2(k),
k-1 (n+1)0
(A.17) Jy(k) =Y (/5 9(w5s,ys) ds — 59(%‘25)) :
n=0 n
and
k—1
(A.15) k) = 3 6((Tns) — 9(Fns, Gns))-
n=0
Proof. Observe that
(n+1)6 (n+1)8
(A19) alups=atat [ s dst [ aadd) — oo ds
Hence,
(A.ZO) xEnJrl)(; — i’(nJrl)(; = 33;5 — ZTps + 11 + IQ(TL) + I3 + 14(71) + Iy
with
(n+1)8
(A.21) o= [ (ol — glata s
(n+1)6
(A.22) B = [ glat i) ds = dalat).
(A.23) I3 == 5(g(x5,5) — §(Zns)),
(A.24) Ii(n) = 5(.@(53?15) — 9(ZTns, yné))a
(A25) IS = 5g(jn6agn§) - (j(n+1)6 - :En(S)'

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



1312 MOLEI TAO, HOUMAN OWHADI, AND JERROLD E. MARSDEN

Now observe that

(A.26) L] < [[Vagllz~0?
and
(A.27) 13| < 8| VagllLe|2hs — Znsl-

Using (A.7) and (A.8), we obtain

(A.28) | < C (52 + (£)2> .

Combining the previous equations, we obtain

7 2
(A.29) 2(,i1)5 —T(nr1)s < T —Tns +C (52+ (Z) ) + 6|t s — Tns|+ (T2 + 1) (n)

and

2
(A30) 5,415 = F(ni1)s = Tos —Tns—C (52+ (E) ) —C8|2 5 — Fng| + (To+11)(n).

Write
(A.31) J(n) = z_:(fz + 1) (k).
k=0

Summing the first n inequalities (A.29) and (A.30), we obtain

2 n—1
(A.32) 65 — Tns < C <52 + (E) ) n+C6 Y |ags — Tus| + J(n)
k=0
and
(A.33) 25— Tns > —C 52+(1)2 n—05§|$5 — Tys| + J(n)
. no no — € ~ ké .
Hence
2 n—1
(A.34) |5 — Ens] < C (52 +(%) ) n+ 05;0 s — Tas| + [T ()]-

And we obtain by induction

@55 — Ens] < C (52 + (§)2> <n +Cs zn:(n ~k)(1+ 05)“)
k=1

()| +C8 Zn:u + 82T (n — 1+ 1)].

=2

(A.35)

Equation (A.35) concludes the proof of Lemma A.2. O
We now need to control Ji (k) and Ja(k). First, let us prove the following lemma.
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LEMMA A.3. For N € N*, we have

)

(A.36) |J1(k)| < (6k)C (560% +E <E)> .

Proof. Define g such that 3¢ = y¢ for t = (n+ j/N)d, 7 € N*, and

d?;e 1 € ~€ - .
(A.37) D ) for (04 §/N)E <t < (G + 1/
Using the regularity of f and g, we obtain
(A.38) 95 — vi| < CoeCe.
First, observe that
1 (n+1)8
(4.39) 5[ st ds —alats) = K+ Ko
with
1 Nz p(nt(G+1)/N)S R
(4.40) K-35 [ (905 5) — 9(ass, 55)) ds
j=0 J(n+j/N)s
and
1 N2/ N pntGED/N)S R
aay K= > (5 9(a55, 59 ds — 9255 |
=0 (n+3/N)o
We have
L Nl
(A.42) K| < [[Vyglloe sup lys — gsl.
N

=0 (n+j/N)s<s<(n+(j+1)/N)s

Hence, we obtain from (A.38)

(A.43) K| < CoeCe.
Moreover, we obtain from Conditions 1.2 and 1.3
0
. < — .
(A.44) |Ks) < CE (Ne)

This concludes the proof of Lemma A.3. d
LEMMA A.4. We have for m € N*

(A.45) | Ja(k)| < Cok (m5+E (?) + (E Fmd+m (£)2> ec’”’?) .

Proof. Let m € N*. Define (Zs,§s) such that for j € N*, n € N*

e = g(%5,95) for jmé <s < (j+1)mé,

%:%f(i‘s,gjs) for né<s<nd+r,

(A.46) Us = Uno+r for né+7<s<(n+1)d,
Un+1)s = Unstr for n+1# jm,

(Zjms Ujm) = (Zjms, Yjms)-
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Define ¢ by

(A4T) {%z%f(xjmg,g],‘}) for jmr <t<(j+ 1)mr

g;'lm'r = yjmé
and define ¢ by
(A.48) Ty =Tjms for jm<n<(j+1)m

Observe that

(A.49) Jo(k) = Ks+ K4+ K5 + Ko + Ky
with
k-1 (n+1)6
(A.50) K3 := Z </ g(is,gjs) ds — 5g($n5,yms)> ,
n=0 né
k-1 1 D7 (n+1)8
(A.51) Ky := 25 —/ g9(Ze,7s) ds — —/ 9(Zs,9s)ds |,
n—=0 T Jnr no
5 k—1 ~ (n+1)7 o
(A52) Ko 03 (ra@ - [ aananas).
T TL:0 nTt
(A.53) K¢ = 52 (Tns) — §(72)).

Using the regularity of g, we obtain
(A.54) | K| < 6kCom.

Arranging the right-hand side of (A.51) into groups of m terms corresponding to the
intervals of (A.47), we obtain, from Conditions 1.2 and 1.3,

(A.55) |Ks| < CkOE (%) :

Using (A.48) and the regularity of f and g, we obtain
(A.56)

Us, — 7] < Cméde® .
It follows that

mT

(A.57) |K4| < CokmoeC

Similarly, using (A.7) and (A.8), we obtain

2 mT
(A.58) |Tns — Unsl <C<I+m5+m(z) ) meCT,
€ € €

(A.59) |Fns — Tng| < Cm (5 n (2)2) .
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It follows that

2 mT
(A.60) |K3| < Cok (f +mé +m (3) ) O
€

€

This concludes the proof of Lemma A .4. d
Combining Lemmas A.2, A.3, and A.4, we obtain

|265 — Zna| < Ce“" (6+ (E)Z % 160N 4 B (Ni) +E (ﬂ)

€ €
T 7\ 2 cmr
+ —+m5—|—m(—) e~ e ).
€ €

Choosing N such that eC®z ~ §~% (observe that we need e < §/(—Cnd)) and m
1
2

mT

such that ZTeC*" ~ (2 + )72 we obtain for 24+ Z <1

(A.61)

el 6 c 6

(B @ s (B ((54D)7))

This concludes the proof of inequality (A.2). The proof of (A.3) is similar and is also
a consequence of (A.2).

2
|25 — Tns| < CeCon <\/5+ (T) 1 +E <iln 1)
(A.62)

A.2. Proof of Theorem 3.2. Define the process t — (Z¢, y:) by
(A.63) (Zt, 5t) == (@)

It follows from the regularity of n that it is sufficient to prove the F-convergence of
(Z4, i) towards 0x, @ u(Xy,dy). Now define ¥ by

(A.64) Yp(@,y,w) == n007(,w)on~ (z,y).
Define ] by
(A.65) Ui, y,w) == o0 (,w)on ! (z,y).

PROPOSITION A.5. The vector fields f, g and matriz fields o, Q associated with
the system of equations (3.2) are uniformly bounded and Lipschitz continuous. We
also have

(Zo, ¥o) = n(uo),
(A.66) (Z (k1) Heht1)s) = V5 (1) 0 V5 ((Ths, Tns) i)
(Zt, i) = (Tks, Grs)  for ké <t < (k+ 1),

where wi, wj, are i.i.d. samples from the probability space (U, F,P). Moreover, there
exist C > 0 and d-dimensional centered Gaussian vectors &' (w), " (w) with identity
covariance matrices such that for h < hg and % < 19 we have

(A67) (E[WZ(%%W) - (x,y) - h(g(x,y),O) - \/ﬁ(a(x,y)f’(w),O)ﬂ) < Chga
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(A.68)
Swyw) = (0,y) = 7(g(,9),0) = Z(0, f(@,9) — V7 (e, )€" (), 0)

g
_ \F (0, Qe )¢ ()

Proof. Since (x,y) = n(u), we obtain from (3.1) and It6’s formula
(A.69)

dx:<<G+%F)Vnmon1(a:y)dt+< <H+ K))onl(a:,y)th

+%izjai8jn””<(H+% ) H+% )T> dts,

(A.70)
dy = (<G+ %F) VY on Nz, y) ) dt + ( (H+ %K)) on Y, y) dW;

+(%%:aiajny<<H+%K) H+— >T> )

Hence we deduce from (3.2) of Condition 3.1 that

(A.71) glz,y) = (GVT} + = 28 o (HHT),; )
ij
(A.72) o(z,y) = (Vn°H) on Lz, y),
1
(A.73) fly) = (Fwy +3 Zaiam%KKT)m—) on (1),
ij
(A.74) Q(z,y) = (Vn'K) o~ (2, y).
REMARK A.l. Observe that (3.2) of Condition 3.1 requires that
(A.75) FVn* =0, GVnY =
9T T _
(A.76) Zalajn (KKT),, =0,
ij
9. ™y _—
(A.77) Zazajny (HHT), =0,
ij
T T T _
(A.78) Zazajn (KH" + HK"), . =0,
ij
and
o T Ty _
(A.79) > 00t (KHT + HKT), = 0.

j
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Equations (A.78) and (A.79) are satisfied if KH” is skew-symmetric. One particular
case could be, of course, KHT = 0, which translates into the fact that for all u the
ranges of H(u) and K (u) are orthogonal; i.e., the noise with amplitude 1/+/€ is applied
to degrees of freedom orthogonal to those with O(1) noise.

We deduce the regularity of f, g, o, and @ from the regularity of G, F', H, K,
and 7. Equation (A.6) is a direct consequence of the definition of ¢ and v§ and
(A.66). Now observe that

(A.80)
w;(ﬁvyaw) - (ﬁvy) - T(g(x,y),O) - E(Oa f(xay)) - \/F(U({E,y)f/(w),())

- JLoawvew) - (n o0y (GW ' %Zaiaj”i(HHT)ij’())

ij

j

Using (A.75), (A.76), (A.77), (A.78), and (A.79), the Taylor-Itd expansion of 7 o 6,
and the regularity of n, and setting & equal to £ defined in (3.14), we obtain (A.68).
The proof of (A.67) is similar. O

It follows from Proposition A.5 that it is sufficient to prove Theorem 3.2 in the
situation where 7 is the identity diffeomorphism. More precisely, the F-convergence
of u; is a consequence of the F-convergence of (Z,y;) and the regularity of 7.

Let z — ¢(x) be a function with continuous and bounded derivatives up to
order 3. Let us prove the following lemma.

LEMMA A.6. We have

E [(p(j(n+1)6)] —E [(P(jné)]

(A.81) o - o -
=J0E {g(xng, Ins)Vp(Tns) + 00" (Tns, Yns) : Hess go(xm;)} + Iy
with
3
(A.82) L <C <53 ¥ (1) ) .
€

Proof. Write (Zpnstr, Uno+r) := VE(Tns, Yns,wn). Using (A.68), we obtain that
there exists an N'(0,1) random vector &,, independent from (Z,s, Jns), such that

(AS-?)) :En(SJrT — Tps = g(jn(S)T + \/Fo—(jntsa gnts)gn + Il
with
29\ 3 T H
(A.84) (B0 <o(2)"
Hence

E[¢(ns++)] — E[¢(@ns)] = TE|(Tns, Gus) Vo (@ns)

(A.85) .
<c(3)"

+ ool (Tno,Yns) : Hess @(ing)}
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Similarly, using (A.67), we obtain that there exists an N(0,1) random vector &/,
independent from (Z,s54+, Yns+r), such that

(A86) j:(nJrl)& - jn&—i-f - g(jn6+7'; yn6+7)(5 - T) + U(jn6+77 gn5+7) \% 0 — 7-57/1 + 12

with
(A.87) (E[(L2)%)* < C(3 —7)%.
Whence
E[p(Znt1)5)] — E[p(@ns4r)] — (6 = 7)E [g(;zn5+T, s )V (Tnsin)
(A.88)
+ 00" (Tnstr, Yno+r) : Hess @(in&”)} <C(—71)°.
Using the regularity of o, we obtain
z J IEENU 1 T
(A.89) (E[}a(xna+7,y(n+1)5) — 0(Zns, Yns)| D <C (52 i E) .

The proof of (A.81) follows from (A.68), (A.85), (A.88), (A.89), and the regularity of
g and . O
LEMMA A.7. We have

E[p(Zns)] — o(x0)
no

(A.90) — Lo(x0)| < J5

with (for 6 < Ct/e)

(A.91) |J5|<c<(%)i+(g)%%+\/§>+CE<%1né>-

Proof. Define B, by By =0 and
(A.92) By — Bnr = Bnsyt — Bps for nr <t < (n+1)r.

Define g5 by 5o = yo and

(A.93) e = f (o, ) di + %Q(xo,g»df}t.
Write
(A.94) 9(z0) == / 9(z0,9) (o, dy).

Using Lemma A.6, we obtain

E[¢(@ns)] — ¢(20)

(A.95) -

= L(p(ﬂ:o)—FJl + Jo+ Js+ Jy
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with
(A.96) Lp(zo) == g(zo)Ve(zo) + 56T(x0) : Hess p(z0),
n—1
1
n==3 E[g(@ks, 515 Vip(hs) + 007 (ks Grs) : Hess p(aps) |
(A.97) =
1 «—
- E[Q@m@ké)vsﬂ(fo) + 00T (Zo, Yrs) : Hess @(io)},
k=0
1 n—1 o B oo B
Jy = - Z E[g(xo,ykg)Vgo(xo) + 00" (Zo,Yrs) : Hess gp(xo)}
(A.98) k=0
1 (k+1)7 ~ . ~
2 [ E[glen,5)Vietan) + 00" (a0, 5.) : Hess plan)| ds |
kT
1 nTt B B
(A.99) s = [ E[glan,5.)Viplan) + 00" (an, ) : Hessip(an)] ds — Lip(ao),
0
(A.100) | <C 5%+(1)%l
. 4] < p 5 )

Using the regularity of o, g, ¢, (A.6), and (A.7), we obtain

€

3
(A.101) 1] <C<(n5)é +n5+n(f)2).
Using property 3 of Condition 3.1 and property 3 of Condition 3.2, we obtain
nr
. < — .
(A.102) || 7CE( 6)

Using (A.67) and (A.68), we obtain

(A103)  (E[gns - zjm|2})% <c <\/§+ (n6)} +né+n (E)) Mg,

which leads to

(A.104) |Jo] < C (\/E—l— (n )% +nd+n (£)2> e

Hence, we obtain

E[¢(Zns)] — @(@0)

< J
no =5

(A.105) — Ly(xo)

with
w109 <o (Tt nen (D)) F ep () o (D)1

, we obtain (A.91) for § < C7/e. O

Bl

Choosing n such that %ec% ~ (%)
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We now combine Lemma A.7 with Theorem 1 of Chapter 2 of [108], which states
that the uniform convergence (in xg, yo) of W to Lo(xg) as € | 0, 7 < 4,

10, % 4 0, and (%)%% J 0 implies the convergence in distribution of Z,s to the
Markov process generated by L.

The F-convergence of (Z:, §:) can be deduced from the convergence in distribution
of Z; and (3.4) of Condition 3.1. The proof follows the same lines as above, which
will not be repeated here.
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