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A new class of uniformly accurate numerical schemes for
highly oscillatory evolution equations

Philippe Chartier!, Mohammed Lemou?, Florian Méhats® and Gilles Vilmart*

December 18, 2017

Abstract

We introduce a new methodology to design uniformly accurate methods for oscil-
latory evolution equations. The targeted models are envisaged in a wide spectrum of
regimes, from non-stiff to highly-oscillatory. Thanks to an averaging transformation,
the stiffness of the problem is softened, allowing for standard schemes to retain their
usual orders of convergence. Overall, high-order numerical approximations are obtained
with errors and at a cost independent of the regime.

Keywords: highly-oscillatory problems, stroboscopic averaging, standard averaging,
micro-macro method, pullback method, uniform accuracy.

AMS subject classification (2010): 65120, 74Q10, 35K15.

1 Introduction

In this article, we consider time-dependent differential equations with (possibly high-) os-
cillations of the form

W) = fe (1) € X, w(0)=uge X, te€[0,1], (1.1)

where the function (6,u) € T x X — fp(u) is assumed to be 1-periodic w.r.t. 6§ on the torus
T =R/Z = [0,1], and where X denotes a Banach space endowed with a norm |[|-||x. The set
X may be simply R, in which case (1.1) is a simple ordinary differential equation in finite
dimension, or it may be a functional space, say for instance the space of square-integrable
functions L%(R), in applications to partial differential equations such as the Schrédinger or
the Klein-Gordon equations. Here, € is a parameter whose value can vary in an interval of
the form |0, 1]. We emphasize that we do not restrict (1.1) to its asymptotic regime where
€ tends to zero, but also allow € to have a non-vanishing value, say close to 1.

Remark 1.1. The autonomous problem

1
0° = EAUE +f(v°)e X, v°(0)=vy€ X, tel01], (1.2)
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where the map 6 — €4 is assumed to be 1-periodic, can be straightforwardly rewritten within

the format (1.1). As a matter of fact, the change of variable v = e~ s Aye transforms (1.2)
into (1.1) with fo(u) = e 94 f (e?u).

Methods from the (recent and not so recent) literature are suitable either for the highly-
oscillatory regime where € is small, or for the non-stiff one where ¢ is close to 1. However,
they usually fail for certain values of ¢ in the range |0, 1], indeed becoming inaccurate
or inefficient. For instance, the authors of this article have introduced several schemes
[3, 7, 8, 9, 10], inspired by the theory of averaging or the theory of modified equations,
which happen to be efficient for small values of ¢ and quite inaccurate for larger ones.
This degraded behaviour appears as a consequence of the use of truncated series with no
consideration of induced error terms. Recently, a new class of uniformly accurate methods,
namely two-scale methods [5, 6, 11], has emerged (see also the methods developed in [1, 2]
using a different approach) that are capable of solving (1.1) with an accuracy and at a cost
both independent of the value of £ €]0,1]. Such methods rely on an explicit separation of
scales u®(t) = U®(t,0)[y_,/. with 6 € T and the resolution of the transport equation

O US(t,0) + é@gU’f(t, 0) = fo(U°(t,0)) (1.3)

with a well-chosen initial condition U®(0,0) = Ugj(#). A numerical approximation uj of
the solution u®(tz) of (1.1) at time t; is then obtained from a p'*-order approximation
of U¢(tx,0) by taking 0 = ti/c (see [5] for the details of the technique). At a given
computational cost xy =~ ﬁ, this yields approximations on an uniform grid t, = kAt,
k=0,..., K, that satisfy the following error estimate

5, o B, 0~ D < OAF 9
where the constant C' may depend on p but is independent of At and €. Although the error
behaviour (1.4) is unarguably favourable, the resolution of the transport equation (1.3) as
introduced in [6, 5] requires to design specific schemes, a task that is not straightforward
for high orders. This aspect of two-scale methods has left them open to criticisms and has
motivated the search for a technique dealing with (1.1) in a more direct and more affordable
way.

In this work, we adopt the following strategy: through a suitable time-dependent (and
periodic) change of variable, we transform equation (1.1) into a smooth differen-
tial equation which is then amenable to a standard numerical treatment. By
standard treatment, we mean here that any non-stiff numerical method can be used
and will exhibit its usual order of convergence when applied to the transformed equation.
Unsurprisingly, the aforementionned change of variable is a key-ingredient of the theory
of averaging. However, and this constitutes the main advantage of this strategy over the
methods discussed above, no abrupt truncation is applied in the process, so that all the in-
formation originally contained in (1.1) is retained. In this way, uniformly accurate schemes
are elaborated simply from standard numerical schemes by adjoining a discretization of the
change of variable.

In Section 2, we discuss the main ingredients of averaging theory. Firstly, we introduce
in Subsection 2.1 the periodic change of variable and the averaged vector field for both
stroboscopic and standard averaging. In particular, we write down, (i) the equation (2.3)
that they formally satisfy, (ii) the inferred iteration (2.4) from which they can be recursively



built and, (iii) the corresponding defect (2.6). Subsection 2.2 completes this expository
section with the regularity estimates obtained so far in previous works.

Section 3 is the core of our paper. Subsection 3.1 presents the two methods that are
later on analysed, namely the micro-macro method and the pullback method, together with
possible variants. In Subsection 3.2, the defect and its time-derivatives after n iterations
are upper bounded by powers of €. Finally, we show in Subsection 3.3 that the transformed
equations obtained both by the micro-macro and pullback methods are smooth and indeed
can be solved by non-stiff standard methods.

Section 4 describes the actual implementation of the two most interesting methods, that
is to say on the one hand, the micro-macro method with standard averaging, and on the
other hand, the pullback method with stroboscopic averaging. Both methods are uniformly
accurate. The first one appears to be easier to implement and cheaper. The second one
has the advantage of being geometric, allowing in particular for the conservation of first
integrals.

Finally, Section 5 presents numerical experiments with the two techniques of Section
4 used in combination with standard methods of orders 2, 3 and 4. The Hénon-Heiles
problem and the Klein-Gordon equation are used as test-cases. As expected, the strobo-
scopic pullback technique exhibits a clear-cut preservation of invariants. In practice, all
methods are evidently uniformly accurate. Up to our knowledge, this section demonstrates
the first example of geometric, high-order and uniformly accurate methods available in the
literature.

2 Numerical methods pertaining to averaging theory

In this section, we recall the main result of averaging. Since our technique is intented for a
large range of e-values, the following assumption on (1.1) appears as a natural prerequisite.

Assumption 2.1. There exists an open set K C X with bounded closure K and a open set
U C K, such that for all initial condition ug in U° and all € €]0,1], the solution u(t) of
(1.1) exists and remains in K for all times t € [0,1].

2.1 Averaging in a nutschell

We have chosen here to follow closely the presentation in [4] as it appears to be more
convenient for the forthcoming developments. Other presentations can be found in classical
references, e.g. [18] and [20], or in recent papers, with a more algebraic point of view
[8, 9, 10]. Generally speaking, the purpose of averaging methods is to write the exact
solution of (1.1) as the composition

us(t) = @) 0 Uj o (P§) ™ (uo) (2.1)

of a periodic change of variable (6,u) € T x K — ®j(u) and of the flow map (t,u) €
[0,1] x K+ ¥f(u) of an autonomous differential equation of the form

Wi (u) = FE(Pj (), W§(u) = u, (2:2)

where the map u € K — F¢(u) is a smooth vector field. The rationale behind averaging is
apparent: the dynamics is sought after as the superposition of a slow drift, captured by W3,
and of high oscillations, captured by ®f = Various design choices are possible for the map
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®° and we refer to [9] for a thorough investigation of their implications. In this paper, we
shall impose that either ®f or the average (®°) coincides with the identity map idx, where

1
(9)(u) = /O golu)db

stands for the average on T of any continuous function g : T x X — X, two procedures
referred to respectively as stroboscopic averaging and standard averaging:

e Stroboscopic averaging ®f = idx. Owing to periodicity, <I>§/E = idx for times t € eN
that are integer multiples of the period, hence the name “stroboscopic”. When the
problem (1.1) under consideration embeds a structure (e.g. Hamiltonian structure)
or possesses invariants (e.g. quadratic first integrals), stroboscopic averaging, being
geometric, is to be preferred.

e Standard averaging (®°) = idx. This choice is more widely used and leads to a more
simple implementation. In the context of kinetic theory, it is related to Chapman-
Enskog method (see for instance in [11]).

For the decomposition in (2.1) to exist, the maps ®¢ and F*© would be required to satisfy
the equation

éagcpg(u) + 0, D5 () FE(u) = fpo ®5(u) with F° = (9,0°) "1 (fod%),  (2.3)

obtained by separation of scales. Unfortunately, it is a known fact that equation (2.3)
has no rigorous solution: only a formal solution under the form of a divergent! series in
€ can be exhibited. Truncation thereof generates errors which can be made polynomially
or exponentially small w.r.t.e, depending on the smoothness of the vector field f in (1.1)
w.r.t.u. In averaging theory, as presented in [4], approximations ®M and F" of ®° and
F* are thus constructed from equation (2.3), starting from ®[%) = idy and FI% = (f), as
follows

0
ol = idy — eG4 a/ <fT o alkl — auch’ﬂF[k])dT, FIE = (9,00 =1(f o eIk (2.4)
0

for k = 0,...,n — 1. The functions G**1 could in principle be chosen arbitrarily: they
vanish for stroboscopic averaging, or are determined to ensure that (<I>[k}> =idy, i.e.

Gl _ </0 (/70 @l — @0l o <I>“”>>d7> ) (2:5)
0

for standard averaging. Since equation (2.3) is impossible to satisfy exactly, a natural
measure of success of the averaging idea is given by size of the defect, defined by

oW () = éagcbg“] () + 0,0 () FM(u) — fyo @), k=0,... n (2.6)

!Note, however, that this series is convergent for a linear right-hand side in (1.1) with bounded operator
and for all sufficiently small e.



Remark 2.2. Starting from the stroboscopic decomposition us(t) = @) © U§(ug) with
O = idx, we may write (once again formally at this stage)

us(t) = @f/, 0 (BF) 71 o (%) o Wi o (B7) Lo (¥F) (uo).
— ~~

&;:/E ‘i’f (&)6)71
It can indeed be checked, on the one hand, that
(D) = (B% 0 (B°) 1) = (B%) 0 (%)t =idx and B = BFo (®°) ! =idy o (®°) ! = ()1

and on the other hand, that

S i (o) = (((0u(0%) F) o (8971 0 Fi(ug) = (f 0 8 0 T (ug) = F o ().
This mean that the maps ®, ¢ and F* are those corresponding to standard averaging and
that we have the following relation on the defects,
65 = 05 0 ()1
Conversely, we may relate ®° to O through the formula

@5 = B0 (35) .

2.2 Standard error estimates in averaging theory

The main result of [4] now ensures that the maps ®" and FI" given by iteration (2.4)
are well-defined and satisfy equation (2.3) up to small error terms of the form O(¢"). It
is derived under additional analyticity assumptions on f. As in [4], we thus introduce the
complexification X¢ of X (which is just X¢ = C? in the case where X = R?), defined as

Xc =AU := u, + iy, (up,u;) € X2}7

where u, = R(U) € X and u; = S(U) € X are the real and imaginary parts of U. The
space X is still a Banach space when endowed with the norm (which we will simply denote
|| - || in the sequel)

RANU
U x. := sup M’
AeC* ||

and we can consider for p > 0 the closed set
K,={u+u:uek,ae Xc,|ul| <p}.
Now, given a bounded map (6,u) € T x K, — ¢g(u), we finally denote

el ==~ sup lpg(u)]
0T, uek,

and if ¢ has p bounded derivatives w.r.t. 0
@ = max || vsl,-
el o 5 Ofi...,p 105 vollp

The main hypothesis that was required in [4] is the following.



Assumption 2.3. The function (0,u) — fg(u) is continuous w.r.t. 0 and there exists R > 0
such that for all 0 € T, the function fy(-) can be extended to an analytic map from Kag to
Xc. In addition, there exists M > 0 such that

| fll2r < M. (2.7)
An immediate consequence is that for all ug + g € Z/lio where
UL = {ug + g : ug € U°, g € Xc, ||io]| < Re /7Y,
for all € €]0,1] and all ¢ € [0,1], the solution u®(t) of
W(t) = frye(us(t)),  u(0) = ug + T, (2.8)

remains in Kr. By Assumption 2.3, fy is indeed Lipschitz on K with Lipschitz constant
M/R, so that by virtue of the Gronwall lemma and Assumption 2.1, u°(¢) remains in g
for ||ig| eM/® < R. Now, the following result has been proved in the case of stroboscopic
averaging.

Theorem 2.4 (See Castella, Chartier, Murua and Méhats [4]). Suppose that Assumptions
2.1 and 2.3 are satisfied and let g := R/(8M). For every positive integer n and positive &
such that (n+1)e < eg, the maps " and FI" given by iteration (2.4) with all G = 0, are
well-defined, ®" is continuously differentiable w.r.t.0 and both ®M and its average <<I>["]>
are invertible with analytic inverse on Kgr. Moreover, the following estimates hold for all
0<e<eg,

(@) e —idlr < () |FR<2M (i) Ha["luRszM(zmH)i).

_ R
2(n—|— 1) €0

It is known that by choosing (n + 1) appropriately depending on &, the upper-bound of
8" can be made exponentially small in e, but this is not our main interest here.

3 The uniform accuracy paradigm for averaging methods

The vector field FI"! appearing in Theorem 2.4 has a Taylor expansion with respect to e — 0
which coincides to (within error terms of size £”) with a formal series (f) +eFy+&?F3+.. .,
whose successive terms can be determined analytically [4, 9]. Hence, it makes perfect sense
for small values of ¢ to simply ignore the discrepancy in equation (2.1) and to approximate
(1.1) from the differential equation @ = FI"l(u) (complemented with the computation of
<1>["}), yielding an error of size O(e"). However, if the value of € is not so small — close to 1
for instance —, this procedure becomes completely inaccurate. The aim of the forthcoming
techniques is precisely to resolve this difficulty.

3.1 Uniformly accurate averaging: micro-macro and pullback methods

A uniformly accurate method should thus satisfy two requirements: on the one hand, it
should filter high-oscillations in one way or another — and thus rely on the principle of
averaging — in order to be efficient for small values of €, and on the other hand, it should
incorporate the relevant information for large values of € so as to remain accurate. This
leads to the two following alternative methods considered in this paper.



Micro-macro method. If we insist on solving an autonomous equation of the form (2.2),
ie.
o) = P (w7 w)), wfw) =,
then it is of paramount importance to retain the information contained in the remainder
G/ (uo) = u* () — &L o W} o (&) (up),
which obeys the following differential equation

61 wo) = i (0) — (Zaof + a,@li] F) (0l )
— fuye (@) 0w (o) + G (wo) ) = fuge (@) 0 W (o) ) - o)7L (W] (i)

dt

with g = (@gn})_l(uo). Upon using the Gronwall lemma, it can be shown (see Section 3.3)

that gi”] (up) and its n first time-derivatives are uniformly bounded w.r.t.e provided 4"
(see relation (2.6)) and its first n derivatives with respect to 6 are of size £”. This leads to
the following micro-macro system

0 = Fi), v(0) = (®4") " (uo)
i = fye (W) +w) = (Lop@l + 0,00 FI) (), w(0) =0

from which the solution of (1.1) can be recovered as u®(t) = @E?l( (1)) + w(t).

Pullback method. If we insist on satisfying an equation of the form (2.1) exactly, i.e.

u ( ) q)["}

P o o (0 (up), (3:2)

then an autonomous equation of the form (2.2), i.e
\I/l[fn} (220) =Fo \Ilz[tn] (), \I;[O"} (UO) = Uy,
where 7y = (@gn])_l(uo), can not hold and should instead be amended to

W) (o) = FU (U 0) + RL(W) (@), W4 (i) = i, (3.3)

As a matter of fact, by differentiating (3.2) as follows (with @y = (@gn])_l(uo))
0 =1(t) - a p L (U (i)) — Du ] (9] (50)) 0" (1)
= 0,8,L(¥ W( 0)) (FI (" (u)) — Wi () — 8771 (W) (o)),
we obtain (3.3) provided that

1
Ry = = (0.25") o} (3.4)

This leads to the following pulled back equation
b= () (Feoalilo) -~ Za®lw), v = @) w),  (35)
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Stroboscopic averaging | Standard averaging
Pullback method q)gn} —idy, gM =0 (@) =idy, g =0
Micro-macro method @t[)"] —idy, R =0 | (@) =idy, RM =0

Table 1: Designing choices for uniformly accurate averaging.

from which the solution of (1.1) can be recovered as u®(t) = @g}l (v(t)).

Both the micro-macro (3.1) and the pullback (3.5) formulations will later prove to be
useful for the design of uniformly accurate numerical schemes. They can be considered for
stroboscopic and standard averagings, yielding four different approaches (see Table 1).

The numerical resolution of either system (3.1) or system (3.5) by a standard non-stiff
method now requires estimates of time-derivatives of their right-hand side. As discussed
above, this boils down to getting estimates of Bfél[;i for k = 0,..., which is the objective
of next subsection.

3.2 Bounds on the defect §°

We introduce the two non-linear operators, which, to a map (0,u) € T x K, — @g(u) with
invertible partial derivative 0, (py) associate the mappings (0, u) € T x IC, — A(p)p(u) and
(0,u) € T x K, — I'*(¢)g(u) defined as

Ap)a(u)

fo o o) — 22 () (W

du W(“O (fow (), (3.6)

P()o(u) = ute ( / " A(@)e(u) dt < / " A@)ew) ds>) | (3.7

with v = 0 for stroboscopic averaging and v = 1 for standard averaging. In the sequel, we
shall constantly need the following assumption (more stringent than our previous Assump-
tion 2.3).

Assumption 3.1. The function (0,u) — fo(u) is p-times (p > 1) continuously differen-
tiable w.r.t. 0. Moreover, there exists R > 0 such that for all 0 € T, the function u — fp(u)
and all its derivatives u — Oy fo(u) up to order v = p can be extended to analytic maps
from Kag to Xc¢ that are uniformly bounded w.r.t. (6,u) € T x Kor. More precisely, there
exists a constant M > 0 such that for all 0 < o < 3,

g

max — |95 fll2r < M. (3.8)

v=0,...,p
Stating upper-bounds (polynomial and exponential in terms of €) of gl or RIM now
boils down to getting upper-bounds, as well as regularity estimates, of the defect 5.

Proposition 3.2. Suppose that Assumptions 2.1 and 3.1 are satisfied and let eg := R/(8M)
and denote ry, = % and Ry = 2R — kry,, k=0,...,n+ 1. For all positive integer n and
positive e such that (n+1)e < g, the maps ®¥, k =0,... n, defined by iteration (2.4) are
analytic on Kg, and both " and its average (<I>["}> are invertible with analytic inverse on



Kr. Furthermore, all maps ®* are (p + 1)-times continuously differentiable w.r.t.0 with
derivatives analytic on Krg, and upper-bounded:

Vk=0,....,n, Vi<v<p+1, HB},’@MHR,C§85MV!

Proof. Owing to Remark 2.2, we can restrict ourselves to the case of stroboscopic averaging,
for which the (rather technical) proof is given in Appendix section. O

Theorem 3.3. Suppose that Assumptions 2.1 and 3.1 are satisfied and let g9 := R/(8M).
For all positive integer n and positive £ such that (n+ 1)e < eq, let the map ol gnd F
be defined by iteration (2.4). Then the defect 6™ defined by (2.6) is p-times differentiable
and satisfies the following estimate:

@ )\
6"y <20 (20, (n+1) )",

where Q, <5+ 2p+165/2 pl.

For the proof of Theorem 3.3, we need the following lemma with proof postponed in
appendix.

Lemma 3.4. Let 0 < § < p < 2R and consider two periodic, near-identity mappings
(0,u) € Tx Ky = @g(u) and (0,u) € T x K, — Pg(u), analytic on K, and satisfying

0 - 0
lo—1dll, <5 and [l¢g—1df, < 3. (3.9)

Let ey := R/(8M) and suppose that they are p-times continuously differentiable w.r.t. 6 and
satisfy the estimates

VO<e<e,V1<v<p, max <||8530Hp, Hag@np) < B, :=8Meu!

Then the following estimates hold true

_ §Qu(E _
Vo<c<e, 0<vsn AW - A@ s < *2 o g,
~ T RGI
IT(0) L@ lps1 < 2 o g,

where Qy(€) < 1+2€ +2" 1 /eet vl and & = 19515

Proof of Theorem 3.3. Again, owing to Remark 2.2, we limit ourselves to the case of stro-
boscopic averaging. By virtue of Proposition 3.2, the iterates ®*, k =0,...,n are p+1
times differentiable and satisfy the assumptions of Lemma 3.4. By definition, we have for
n>1

ol =A@y, — A(@I]),.

Hence, using Lemma 3.4 with § = —£- and successively p = Ry, p = Rn_1, ..., p = Ri

n+1
yields with ¢ = 16M=lntl),

n 1 n n—
H(S[ ]”R,p < §§Qp(§)u‘b[ I ol l}HRn,p

9



= e (802) o< (3|
< 1(%)2‘
8

€

Rp,p

re (cb["—?}) e <<I>["—3}>

1 n
< L(SLEN gl g,

€

Rp—1,p

In addition, a direct estimation gives ||® — ®[%||, , < 2¢ M, so that
EQp(§)\"
601 < 200 (35652 )"

Now, (n+ 1)e < g¢, so that { <2 and we have

Qp(€) < Qpi=1+4+2" 1 ple? < 5413271 pl

3.3 Uniform accuracy of numerical schemes

We are now in position to prove the main result of Section 3 which permits to apply a
non-stiff standard integrator to the pullback and micro-macro formulations. We consider
the numerical solution by a standard scheme of the pullback problem (3.5) and of the
micro-macro problem (3.1).

Theorem 3.5. Suppose that Assumptions 2.1 and 3.1 are satisfied for a given p > 1
and let 9 := R/(8M). For problems (3.5) and (3.1) with 0 < (n + 1)e < g¢, consider
an approzimation (vg)o<k<n of (3.5) or (v, wi)o<k<n of (3.1) at times tp =0 < t; <
... <ty =1 obtained by a standard stable method of nonstiff order ¢, i.e. a method which
exhibits order q of convergence when applied to (1.1) withe = 1. Then, these approximations
yield a uniformly accurate approzimation of order r = min(p, q,n) of the solution of (1.1).
Precisely, we have for the pullback method,

[n] £ < r
omax ([ (ve) —ut(t)x < CAL,

and for the micro-macro method,

ol — < CAt"
omax |7 (vk) +w —u(t)|lx < CAL,
where the constant C' is independent of ¢ and the time grid size At = maxy(tp11 — tg)
assumed small enough.

Proof. We first note that according to Proposition 3.2, ol is analytic and bounded on Kg,
hence it is Lipschitz continuous, so that all we have to prove is that the approximations vy
and (vg, wy) to equations (3.5) and (3.1) are of order r. As far as the pullback method is
concerned, equation (3.5) can be written as (see (3.3))

o =Fw) +RYL@),  0(0) = (@) (up),

10



where FI™ is Lipschitz and where R([;n] is defined in (3.4). The result thus follows from the
]

existence of the derivatives of Rgn w.r.t. 6 up to order p and the estimates

max |87 95 (R

< n—v
1<vHE<p yellln < O,

which are a consequence of Theorem 3.3 and of the Leibniz formula.

[n]

Consider now the micro-macro system (3.1). By definition of d, ", it may be expressed
as

o= Frlw), 0(0) = (B") ! (u),
{U'J = LM (t/e,t,w) w+ blM(t/e,t), w(O):O,O ’ (3.10)

with
Lo, ¢, w) = (/01 Oufo (@é"] (v(t)) + ,uw) du> : bl (g, ¢) = —5£)"} (v(t)),

and where we have written in (3.1)

Fue (BLw(0) +w) = fiye (@)L (0(1)) ) = ( /0 0o (B (0(0) + ) du) w.

Here, both the operator function LI™(0,¢,w) and the source term b (6, t) = —5([;4 (v(t))
are of class CP w.r.t.0 € T, of class C* w.r.t.t € [0,7] and analytic w.r.t.w on Kr with
bounds

£M:=  max sup 8”6“65}11["] 0,t,-
e S 105 0; (0.,-)|r

and

B["] = max sup auaub[n] H,t < b[n] €n7
0<v+u<p (e,t)ETX[QT} ” 0 “t ( )”X ~

where bl is a constant independent of . Exploiting the fact that (b["(-,¢)) = 0 in the
application of the Gronwall lemma allows to assert that there exists My such that

vie[0,1], Jlw®)|x < MobM exp(che)entt,

Then, by differentiating (3.10) up to 7 = min(p,n) times and using again the Gronwall
lemma, it can be verified that there exists a constant M; € R* such that

Vu=0,...,Fi+1, Vte[0,1], [|orw(t)|x < M;bl exp(chle)enti-v.

As for the numerical approximations wy, of w(t), the boundedness of L and the stability
of the scheme allow to write

wistllx < (1 + LA ||wg x + oM At, k=0,...,N—1,
where a and 8 are two constants depending on the scheme, so that
VE=0,...,N, |w]x <86 exp(athl)en

When the numerical scheme advances the solution from #; to txy1, it uses the right-hand
side of (3.1) evaluated at wy. The fact that wy, is of order " implies that all derivatives of
this right-hand side up to order 7+ 1, when evaluated at wy, are bounded in €. This allows
to assert that the scheme retains its usual order ¢, provided q < 7. O

11



4 Construction of uniformly accurate integrators

In this section, we explain how our framework allows for the derivation of effective uniformly
accurate schemes.

4.1 Standard averaging micro-macro methods

We now detail the procedure for the construction of a scheme with accuracy of order 1
uniformly with respect to ¢ €]0,1]. The simplest change of variable can be obtained after
a single iteration in (2.4), i.e. for n = 1, which yields

) (w) = w + e(go(w) — (g)(w)) (1)
where we denote

6
o) = [ (1) = () )ar. (42)
while the associated vector field FI! is defined by

Fl(v) = {f)(v).

We can then apply any standard non-stiff integrator to the micro-macro system (3.1), for
instance the simplest Euler method. To derive a uniformly accurate method of order n, we
follow the same methodology and consider the change of variable ® and the vector field
FI"l defined by the iterations

Fl = (f oy,

0 6
q)[enJrl} —id+ 6/O <fT o q)Ln} _ auq)Ln}F[n])dT e </0 (fT o (I)Ln] _ auq)g_n]F[n})dT>

and then apply a standard non-stiff integrator of order n to the micro-macro system (3.1).

4.2 Stroboscopic averaging pullback methods

In this section, we construct two changes of variable for the pullback formulation (3.5) with
order one and two respectively, for the construction of efficient geometric schemes that are
uniformly accurate w.r.t.e. The proposed changes of variables are perturbations of the
maps @él] and @([92} defined in (2.4) and chosen in order to preserve quadratic first integrals
of the original system (1.1). Their construction relies on the implicit midpoint rule, known
to preserve quadratic first integrals.

4.2.1 A first order change of variable

We observe that the change of variable
o (v) = v+ ego(v)

where gy is given by (4.2), is l-periodic with respect to €, and it may sound attractive
because it is completely explicit. However, considering such an explicit change of variable
is not desirable because it destroys the preservation of quadratic first integrals, and the
Hamiltonian structure if f; is assumed Hamiltonian, i.e. the transformed pullback system

12



(3.5) looses these geometric properties in general. Alternatively, we shall consider the
following change of variable based on the implicit midpoint rule,

Hll
@gﬂ (v) =v+egy (%) . (4.3)

We note that i)[el} as well as differentials of i)él] involved in (3.5) can be computed by fixed

point iterations based on the following identities. The quantities involved in the right-hand
side of (3.5) can be obtained as

v ~[1} v g v ~m v ~
0p®) (v) = e(fs — () <M> + 00 <M> 93l (w),  (4.4)

2 2 2
11
(0w} (0) K = K — Z0ugs (%) (K + (0,8 (v)) ' K) (4.5)

This permits us to propose an algorithm for computing the transformed vector field involved

n (3.5) and defined as

Fo(o) = (2,8)0)) " (foo 8(0) ~ L0 0)). (4.6)

The resulting algorithm for the computation of v = F&t /e(v) at time ¢ and point v as given
by equation (3.1) is detailed below. In practice, it assumes that the function (0,v) — fp(v)
and its directional derivative 9, fp(v)P in the direction P are given and that their Fourier
coefficients as periodic functions of € can be computed cheaply, for instance by using a
Fast Fourier Transform (FFT). We compute by fixed point iterations the approximations

- b (y - _
P d5(v), U~ 2200 0~ 19,0[(0), § = Fg(v).

Algorithm 1 for computing the vector field F. g(v) in (4.3),(4.6) for given input v, 0, .
Set POl =4, S0 = QIO = 0, and for i = 0,1,2,... compute

gl vt Pl
N 2
PEHTL =y 4 egy(U)
Q[i+1] _ f@(U[i]) _ <f(UM)> + gauge((][i})@[i}
K[Z'Jrl] _ fG(P[H*l}) _ Q[Z'Jrl]
[i+1] _ li+1] _ € li\ ¢ ali] [i+1]
S K 28ugg(U (S + KT

The output is S that converges to Fgﬂ (v) as i grows to infinity.

4.2.2 A second order change of variable

Carrying one additional iteration of (2.4) we obtain
0
3f)0) = vt e [ (f0 800) — @800 0,00 0) 7 (f o @ (w) ar.

13



Using the notation (4.2), we have @([91} =1id + egy and @([92} may be rewritten as

9 0
B = id + egp + € /0 (0ut-9- — (Out9) — (Ougs — (Dug))(F))dr + O(),  (47)

where we have used

auq>L11:id+g/ Do (fo— () ds,  (@u0ll)y~ ld—g/ / D (fo — (f)) dsdr + O(),
0

and

(fodll) = (f) + e /0 /0 "Out. (fu— (f)) dsdr + O(),

Following the idea introduced in Section 4.2.1 (in order to conserve exactly quadratic first
integrals), we search for a change of variables satisfying

-2
$2(0) = v+t ech (%) (4.8)

and satisfying <I>[ ]( )= [2]( )+ O(e?). Expansing (4.8) and in Taylor series with respect

to g,
2

O (v) = v+ ehg(v) + %&Lhe(v)he(v) +0(e%),

and comparing with (4.7), we deduce the vector field hy given by

g
=0u96096- (4.9)

0
b = ao+e [ (00— 0u0) — (Ous — Qo)) )dr 5

Remark 4.1. Since @[2} = <I>[2] +0(£3), the result of Theorem 3.5 with n = 2 remains true.

Theorem 4.2. Consider the pullback formulation (3.5) with change of variable <1>[ ](v)
defined in (4.8). If the original system (1.1) has a quadratic first integral I(u(t)) = I(u ( ),
then the pullback formulation (3.5) has the same quadratic first integral 1(v(t)) = I(v(0)).
If fo(u) = J=YV Hy(u) in (1.1) is a Hamiltonian vector field, then the pullback formulation
(3.5) is again Hamiltonian.

Proof. The advantage of formulation (4.8)-(4.9) becomes apparent if one rewrites hy as

0
b = a0+ [ U+ 00l = {17+ (0):a])) (110)

where we expand

0
—Oug9090 = /0 (aug'r<f> + <auf>g7' - aungT - 8ungT)dT
Here, [, -] denotes the usual Lie-bracket of two vector fields, i.e.

[/{?1, kQ](U) = 8u/€1 (U)kQ (U) — 8u/€2(?})/€1 (U)

As a matter of fact, the Lie-bracket operation is inherently geometric and Fy preserves first
integrals as soon as fy does, and it is Hamiltonian as soon as fy is. Since the midpoint rule is
known to preserve quadratic first integrals and to be a symplectic method for Hamiltonian
vector fields, then i)[;} preserves these properties. O

14



We then have the following formulas for the computation of the right-hand side of
equation (3.5):

512)
i )
$5(v) = v + chy <79 (g) “), (4.11)
= (2] 52l
N P + P + =
0p® (v) = £dyhg (W) + gauhg <#)”> 297 w), (412

(4.13)

= [2) 12 1
-9 B O (v)+v\ K+ (0,9, (v) K
(0.7 (0)) K = K — £0,hq < = ) ! .

The resulting algorithm for the computation of w at time ¢ and point w as given by equation
(3.1) is detailed below? :

Algorithm 2 for computing the vector field F. g(v) in (4.8), (4.6) for given input v, 0, .
Set POl =, SI0) = QO] = 0, and for i = 0,1,2,... compute

A (4]
[z] _ v+ P
v 2
P — oy 4 ehy(UT)
QU+ = Gyhy + gauhg(UW)QW
K[iJrl] — h@(P[ZJrH) o Q[Z'Jrl]
[i+1] _ li+1] € i\ ol [i+1]
S K 28uh9(U )(SM+ K ).

The output is S that converges to F&g (v) as i grows to infinity.

Remark 4.3. The above methodology is not restricted to the preservation of quadratic first
integrals. Consider the special case where the vector field in (1.1) has the form

f@(u) = S@VI(U)

where Sy = —SGT is a skew-symmetric matriz of size d X d depending periodically on the
variable 8 € T. In this case, I : R* — R turns out to be a first integral and needs not to
be quadratic. Then, in place of the implicit midpoint rule in (4.8), one can consider the
averaged vector field method [19] defined as

1
o) = vte /O he (/@[f}(v) +(1— ,m) dp, (4.14)

and the corresponding pullback formulation (3.5) has the same first integral (I(v(t)) =
1(v(0)))-

2To facilitate the convergence of the fixed point iterations for large e, for all € one can multiply go in
(4.3) or hg in (4.11) by a damping term such as exp(—e?) = 1+ O(g?) which does not affect the uniform
accuracy of order two.
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5 Numerical experiments

In this section, we present some numerical experiments that confirm our theoretical analysis
and illustrates the efficiency of our strategy. We test our method on two different models,
the Hénon-Heiles equations and the Klein-Gordon equation.

5.1 The numerical schemes

To present our numerical schemes, let us write the standard averaging micro-macro equa-
tions defined in Subsection 4.1 as well as the stroboscopic averaging pullback equation
defined in Subsection 4.2 under the following generic form:

=G (t,u), (5.1)

where the superscript n refers to the order of the change of variable @[ ysed in the method.

Recall that the time derivatives up to order n of the vector field GL"E /e

are uniformly bounded
with respect to £ €0, 1]. In our numerical experiments, we shall use the following numerical
schemes that are of integral type. This enables to gain one order of regularity and to use the
simpler change of variable ®[*~1 for schemes of order n, instead of the change of variable

@[ normally required in Theorem 3.5.3

— Order 2 Integral Runge-Kutta scheme (explicit): upi1 = Sg{ﬂuk, with

let1 tet1)2
SRI Pup = uy, +/ Ggl/e <tk+1/27uk +/ Gl L/E(tkauk)d3> dt,

tE ty
where t;, = kAt. This scheme will be applied to the standard averaging micro-macro
equations.
— Order 2 Integral midpoint scheme (implicit): w41 = Sgnfdpomtuk, with

b+ U + U
szdpomt = uy + /t Ge[sl,}f/e (tk+1/2, %) dt.
k

This implicit scheme can be simply implemented using fixed point iterations. It will be
applied to the stroboscopic averaging pullback equation. Recall that G% is periodic w.r.t. 0,
so in these two methods the integrals can be either analytically precomputed, or easily
computed numerically by using FFT. Moreover, it can be shown that, thanks to the uniform

(1]

boundedness of the first time derivative of G_} Je these two schemes are uniformly accurate
(UA) of order 2.

— Order 3 extrapolation scheme : If S}A%{Q denotes the above integral RK2 scheme con-
structed with G[ ] /. instead of Gl l Je» we construct a UA method soxtrap % of order 3 by

implementing the Richardson extrapolatlon

trap3 _
geztrap <4S§{§§ o SEEZ - K1) .

3Indeed, it can be shown that the local error and hence the global error of order two of the integral
schemes SX? and SR, applied to any system § = f(t,y) involves only the norms of the second order
derivative § of the solution and the derivatives 0. f, Oy f, Oyy f, Oyt f of the vector field, and in contrast to a

standard Runge-Kutta method, it does not depend on ¥, 0. f.

16



This scheme will be applied to the standard averaging micro-macro equations.

— Order 8 composition scheme : If Sgudp "t Jenotes the above integral midpoint scheme

constructed with GL 1 /e instead of G£ 1 Jer W construct a UA method Scomp 53 of order

exactly 3 by comp081t10n setting:

Sg)tmpos3 _ SZ;ZZIZOZ”t S(;r;lgz;mnt SZLllgz;mnt,
where (for instance) oy = —1.8 and «; > a3 are uniquely defined such that the order
three conditions hold, a; + ag + a3 = 1,03 + a3 + o = 0. We emphasise that this
non-symmetric composition scheme is considered for illustrating the theory only, because
efficient high-order symmetric composition methods could also be considered. This scheme
will be applied to the stroboscopic averaging pullback equation.

— Order 4 extrapolation scheme : If S}A%{Q denotes the above integral RK2 scheme con-

structed with G[ ] . instead of leld <t/er We construct a UA method Semtrap * of order 4 by
implementing the f/Buhrsch and the étoer extrapolations:

sgarert = = (275553 0 SR o SEI — 165153 o SK3 + 551?).
This scheme will be applied to the standard averaging micro-macro equations.

5.2 The Hénon-Heiles model - micro-macro method

In this subsection and the next subsection, we consider the Hénon-Heiles model [14, 13],
parametrized with €. This is a Hamiltonian system with the following Hamiltonian energy:

p PQ

1
H(qlan,plap2) 2€+ 9 _qg

2 2
@, By 2,
+2€+2+Q1Q2 5

When ¢ is small, the variables gi, p1 are highly oscillatory. Let us write the associated
filtered system, satisfied by the variable w(t) € R* defined by

wr(0) = cos (L) nlt) = sin (£) o)
wa(t) = ga(1),
w3 (t) = sin <£> q1(t) + cos (é) p1(t)
wa(t) = pa(t)

with

f1(9 w)
f2(0,w)
f3(0,w) = —2cos O (wy cos O + w3 sin 0) wy
f4(9 w)

= —2 (wy cos 0 + w3 sin 0)* + w? — ws.
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For the standard averaging micro-macro method, all the integrals in 6 in our numerical
schemes can be pre-computed analytically. We have implemented these computations with
the software Maple.

Let us present our numerical results obtained by the standard averaging micro-macro
method. The initial data is (0.12,0.12,0.12,0.12). In Figure la, we have represented the
error at T'finq = 1 as a function of At, for different values of €, for our UA scheme ng( 2 of
order 2, for our UA scheme Szmttr(lp 3 of order 3 and for our UA scheme Szmttr(lp * of order 4.
The reference solution is computed with the Matlab ode45 function applied to the filtered
system (5.2). The error is independent of ¢ as shown in Figure la where the curves for
different values of ¢ are nearly identical. This confirms that the schemes are uniformly

accurate respectively of order 2, 3 and 4, as predicted by Theorem 3.5.

100 - ' 100

slope 2 slope 2
w0st _— 1 105 | /

10| ] 10 |
N / 10 m
ope 3 slope 4

1 0'1 5 1 1 1 0'1 5
1073 102 101 100 1073 102 101 100
At At

(a) Micro-macro method. (b) Pullback method.

€error
€error

Figure 1: Hénon-Heiles model. Error as a function of At for e = 27% k € {0,1,2,--- ,9}.
Fig. la (micro-macro method): UA scheme SRE? of order 2 (top curves), UA scheme

Szmttrap % of order 3 (middle curves) and UA scheme SZ?MP * of order 4 (bottom curves).

Fig. 1b (pullback method): UA scheme S7:%°" of order 2 (top curves) and UA scheme

550mPos3 of order 3 (bottom curves).

5.3 The Hénon-Heiles model - pullback method

In this section, we present the results obtained with the pullback method with stroboscopic
averaging for the Hénon-Heiles model. In Figure 1b, we have represented the error at time

Ttina = 1 as a function of At for different values of ¢, for our UA scheme SZLde ot of order

2 and for our UA scheme S\, %53 of order 3. These figures confirm that our schemes are
UA, as stated by Theorem 3.5. Note that for these schemes, the variable 0 of the vector
field F 6%] is discretized with 32 points and FFT is used to compute all the integrals*. The
initial data is (0.12,0.12,0.12,0.12).

Let us now check that our schemes constructed on the stroboscopic averaging pullback
method have the expected geometric properties. In Figure 2a, we have represented the

4This discretization turns out to be exact for the Hénon-Heiles problem, due to the low degree of the
involved trigonometric polynomials.
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evolution of the error on the Hamiltonian H for € = 1 over long times ¢ < 30000 for the
scheme SZfdpomt with At = 0.1 and At = 0.2 and for the scheme SZ’tmpOS?’ with At = 0.2.
In Figure 2b, we have represented the results of the same calculations with ¢ = 0.001. The

initial data is (0,0,p1,p2) with p1 = /2¢/12sin(g), p2 = \/2/12cos(g). We observe no

drift for the Hamiltonian.

x1074 ‘ ‘ ‘ ‘ ‘ <1074 |
3 3
2
= S
g g
°© 5
8 L o 1 g 5
Il Al dilhd
-2
s
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
time “1 04 time %1 04
(a) e =1. (b) e = 0.001.

Figure 2: Hénon-Heiles model, pullback method. Long time evolution of the error on the
Hamiltonian. UA scheme SZdeomt of order 2 (blue: At =0.2; red: At =0.1). UA scheme
Sz)tmpo‘g?’ of order 3 (black: At =0.2).

Let us now observe the so-called Poincaré cuts [14, 13], i.e. the points (g2, p2) reached
when the solution crosses the hyperplane ¢; = 0 with p; > 0.

In Figure 3a, we have represented 5 orbits for e = 1, 0 < ¢ < 30000 and for the energy
H = 1/12. The initial data are (0,0, p1,p2) with p; = V2eH sin(_@%)_, p2 = V2H cos(0%)
with § = 0.025, 0.25, 0.75, 0.95 and 1.25. Our UA scheme Szzdpomt is used with the
timestep At = 0.1 for ¢ < 30000.

In Figure 3b, we have represented 3 orbits for ¢ = 0.001, 0 < ¢ < 30000 and for
the energy H = 1/6. The initial data are (0,0,p1,p2) with p; = V2cH sin(05), p2 =
V2H cos(0%) with § = 0.1, 0.5 and 0.9. Our UA scheme Sztidpomt is used with the timestep
At = 0.1 for ¢ < 30000.

On these two figures, we observe that the Poincaré curves are well reproduced, which
indicate that the ”formal second invariant” is well preserved by our scheme.

5.4 The nonlinear Klein-Gordon equation in the nonrelativistic limit
regime - micro-macro method

We consider the nonlinear Klein-Gordon (NKG) equation in the nonrelativistic limit regime,
also studied numerically in [1, 2, 5, 12]:

1
e0pu — Au + e + f(u) =0, reRY >0, (5.3)
with initial conditions given as

u(0,z) = ¢(x), Ou(0,z) = é’y(l‘), z eRY, (5.4)
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midpoint

Figure 3: Poincaré cuts for the Hénon-Heiles model. Pullback method with Sx,

The unknown is the function u(t,z) : R — C and the parameter ¢ > 0 is inversely
proportional to the square of the speed of light. In our simulations, we take d = 1 and the
nonlinearity is f(u) = 4|u|/?u. The limit & — 0 in equation (5.3), (5.4), referred to as the
nonrelativistic limit, has been studied in [15, 16, 17].

It is convenient to rewrite (5.3) under the equivalent form of a first order system in time
(see e.g. [17]). Setting

vy =u—ie(l —eA)"V2u, v_ =1 —ie(1 —eA)"V20m, (5.5)
and denoting
1
frw)=f (5(% +E)> :

we obtain that (5.3), (5.4) is equivalent to the following system on the unknown v =
(UJr’U*):

1
0y = —g(l —eA)Y 2 — (1 —eA)TV2 1L (v), (5.6)
0(0,) = (04(0,),v-(0,9)) = (6 —i(1 = 2A) ™2y, G —i(1 =) ) . (57)
Let us introduce the filtered unknowns
Ty = e—ig 1—5Avi_

These quantities satisfy the following equation:
0 = i(1 — eA)"V2emitVI=eA p, <ei§v1—8%> . (5.8)

Note that (5.8) is under the form

o (0) = 11 (L.0.70))
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if we set

Fi(0,t,u) = i(1 — eA) V20 tAe 1, (eweimfu) (5.9)
with
1
e =< (\/1—5A—1>.

The system has two natural invariants:

— the conserved charge (quadratic invariant)

1 1
Q =1Im Eﬁﬂdaﬂ:—/ (1—5A)1/2v+ﬁdx——/ V2 5 da
R4 4 Rd 4 R4

1

(1—eA)
_ —/ (1= A5, Trde — > [ (1A T da
4 Rd 4 Rd

— the energy
1
Eze/ |u|2dx—|—/ |Vu|2dx+—/ |u|2dx—{—2/ lu|* dz.
Rd Rd € JRrd Rd

In the simulations of this subsection, we take the following initial data:

1 1

)= e T T (5.10)
For Figure 4a, the final time of the simulations is T4 = 0.25. The computational domain
in z is [0,2x]. For the numerical evaluations of the function f in our scheme, a spectral
method is used in the z variable and the fast Fourier transform is used in the practical
implementation. For these tests, the reference solution is computed by our third order
UA method SZ?MP 3 applied to the standard averaging micro-macro method with 256 grid
points in x, 128 grid points in § and At = T'tipnq/4096. We use the H?' relative error of a
given numerical scheme which we define as

L= Huref(Tfinala ) - unum(Tfinal, )HH1

, 5.11
T Tty M (5:11)

where ©™""(t tina1,-) is the approximated solution obtained by the considered numerical
scheme, at the final time T, of the simulation.

Let us present the results for the standard averaging micro-macro method. In this case,
the analytic computation of the integrals in 8 involves a too heavy system of equations and
it is more convenient to compute these integrals numerically at each iteration of the scheme,
by using fast Fourier transform techniques. In Figure 4a, we have represented the error at

Ttina = 0.25 as a function of At, for different values of ¢, for our UA scheme S}A%{( 2 of order
2, for our UA scheme S5 3 of order 3 and for our UA scheme sertrap 4 of order 4. These

curves confirm that the schemes are UA respectively of order 2, 3 and 4. The numerical
parameters are the following: we have taken 128 discretization points in the = variable and
64 discretization points in @ for the quadrature methods.
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(a) Micro-macro method. (b) Pullback method.
Figure 4: NKG  model. Error as a function of At for e €

{1,1071,1072,1073,107%,1075,107%}.  Fig.4a (micro-macro method): ~UA scheme
SRE2 of order 2 (top curves), UA scheme S5 of order 3 (middle curves) and UA

scheme S5 P* of order 4 (bottom curves). Fig.4b (pullback method): scheme Sx74Pot

of order 2 (top curves) and scheme S5, %3 of order 3 (bottom curves).

5.5 The nonlinear Klein-Gordon equation in the nonrelativistic limit
regime - pullback method

We now present the results of the pullback method with the schemes SZLde ot and St 053

In Figure 4b, we have plotted the error as a function of At for different values of . For
this figure, we have discretized the 6 variable with 64 points and the z variable with 128
points, the initial data is (5.10) and the final time of the simulation is Tf;nq = 0.25. These
numerical experiments confirm that our schemes Szfdp ot and St 0s3
of order 2 and 3.

In Figure 5a, we have represented the long time (¢ < 1000) conservation of the quadratic
invariant @) for our two schemes Sgnfdp ot and Sg)tmp %3 and in Figure 5b we have plotted
the evolution of the relative error on the energy. The maximal absolute value of the error
on E is 1078 for the second order scheme and is 2 x 1071 for the third order scheme. The

initial data, with a non trivial value of @), is

are respectively UA

o(x) = (1+1)(cosz +sinx), v(x)=(1—1i/2)cosz + (1/2 + i) sin z.

The blue curves correspond to STAnde ot with At = 0.01 and the red curves correspond to
Sc&mpgsg with At = 0.01. In all the simulations, we have ¢ = 0.0001 and we have taken 64
points for the discretization of the z variable as well as for the 6 variable. The quadratic
invariant ) is an exact invariant (up to round-off errors) of the two schemes, and we observe
no energy drift over long times.
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Figure 5: NKG model with € = 10~%, pullback method. Long-time evolution of the relative
error on the quadratic invariant and on the energy. Blue: UA scheme Szzdp ot With
At = 0.01. Red: UA scheme Sz)tmpo‘g?’ with At = 0.01.

Appendix

This section is devoted to the proof of Proposition 3.2 and Theorem 3.3. We first recall the
two following basic results from [4]:

Lemma A.1 (See Castella, Chartier, Murua and Méhats [4]). Let0 < 6 < p < 2R. Assume
that the function (6,u) € T x K, — pp(u) € Xc is analytic, and that g is a near-identity
mapping, in the sense that

0
—Id||, < =.
I —1all, < 3

Then |0upllp,—s < 3, the mapping Ou(p)~' is well-defined and analytic on K,_s with
10w (0) M| -5 < 2, and the mappings (0,u) € TXK,—s5 = A(p)o(u) and (6,u) € TxK, 5 —
I'é(¢)p(u) are well-defined and analytic. In addition, the following bounds hold for alle > 0,

IA@)l,—s <4M  and () —1d||,_s < 4 Me.

Lemma A.1 shows that, starting from a function (6, u) € T xKar — pp(u) € Xc, we can
consider iterates ()" (¢)g at the cost of a gradual thinning of their domains of analyticity.
The following contraction property holds.

Lemma A.2 (See Castella, Chartier, Murua and Méhats [4]). Let 0 < § < p < 2R and
consider two periodic, near-identity mappings (0,u) € TxK, — po(u) and (0,u) € TxIC, —
Pg(u), analytic on K, and satisfying

d 5
lp—1dll, =5 and [l —1d||, <

N >

Then the following estimates hold for all € > 0,

. 16 M ~ ~ 16 Me .
1A(p) = A(@)llp—s < —5—ll¢ = @ll, and  [T°(0) = I*(P)llp—5 < —5— v = &ll,.
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Proof of Proposition 3.2. We assume that all ®/ are defined by (2.4) in the stroboscopic
case (all functions GI¥! are taken null). The following properties were already proved in [4]:

(i) the maps ®*l and FI¥ .= (9, ®F)~1(f o ®I) are well-defined and analytic on Kp,
forall k=0,...,n+1;

(ii) the estimates

k
ch[’f] || < I <C (2(n+ 1)£> ,
Ry 2

€0

7]

< 2M and Hqﬂk“] - <I>[’fJH
Rir1 R
hold for some positive constant C independent of n, k and ¢.

From equation (2.4) with GI**1l = 0 and Assumption 3.1, it is obvious that ®* is (p + 1)-
times continuously differentiable w.r.t. 8. We have furthermore, for 0 < k <n

0y == (fy0 @) - 0,00 1)

so that, by differentiating v < p times w.r.t. 0 with the help of the Leibniz and the Faa di
Bruno formulae, we obtain

1 - gl : ‘
oy ey = apfao @yl + Y (Z) > @y ol o) o @} (@00 @@l )
q=1 i

— 950,94 FM

where the inner sum runs over multi-indices i = (i1,...,4) € N? such that iy + 2ip +... +
qiq = q and where |i| =i + ... + i, and

q_ ¢!
T Gttt iglgl

Owing to (ii), for u € g, ,, <I>[9M (u) takes its values in Kp, , 4, /2, a set on which 858if9
is bounded (due to Assumption 3.1 and Cauchy estimates for analytic functions) as follows:

1 M

< - M —.
Rii1+rn/2 (2R — (RkJrl —+ V“n/Q))Z (k + %)170111

|o50Ls

Hence, if we denote ay, = [|0y ®¥)|| g, /(e M), for v > 1, then we have

2e M Y Ml
Vk>1, Vo>, akH’VHSHwJFZc)ZCgM
i

n = \¢ Pl (ke + L)l

where we denote ol = ;1»:1 a;gj and use that (owing to (ii) and a Cauchy estimate)
2M || oy olk]
loagot p]| < foga) fpw| < 2IENn
Rpy1 Tn Ry Rpy1 n
Finally, the assumption that (n + 1)e < gy = 8% leads to the inequality
v i
(0978 14 .
a <14 —=+ Cl———. A12
k+1v+1 = 4 qz; <q> Zl: i (Sk‘ + 4)|1\ ( )
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We now introduce the generating functions for & € C,

v
St k=1,
-

v>1

A direct estimation gives oy < 2 and oy, < 1 for v > 2, so that 0 < ¢g1(§) < &+ e —1
for all £ € Ry and from (A.12), we obtain (owing to the Leibniz and the Faa di Bruno

formulac)
( > dg © <8g;f)4>'£:0 == a o

Gile) e £+ F4)

where

so that, using ag41,1 < 4, we have for £ € R

1 ¢ 3
0 © <36+ [ alsas+ [ Gulsjas

Noticing that supp<¢<; gr(§) = gr(1), the previous inequality leads to

gr+1(1) <3+ igk(l) + (e —1)exp (89:$)4>

and an easy induction shows that the sequence (gi(1))r>1 is upper-bounded by 8. We
conclude the proof by applying Cauchy estimates as follows:

VISE<Sn+1L,Vi<v<p+1l, o, =

dv v! su
9k ‘ < Plegl<1 9k (€)] < gu(1) < 81!

agv 1v
U
Proof of Lemma 3.4. Under the assumptions (3.9), it has been shown in [4] that:
(a) [|0uspllp—s < 2, the mapping (0,¢) ! is analytic on K,_s and obeys [|[(up) | s < 2;

(b) the mappings A(¢)s(u) and I'°(p)g(u) are analytic on IC,_5 for all § € T, and

V0 <e<eo, [[Al@)llp—s <4M and |[[T%(p) —1d|,—s <4 Me.
Now, on the one hand, for a multi-index i = (i1, ...,1,) € N%, the algebraic identity

j—1 i
f[ X - f[ Y = i(Xj - ijn v f[ Xy Xy
j=1 j=1 j=1

I=1  I=j+1 r=1

leads, for any (Aq,...,A,) € X{ and any (Ay,...,A,) € XZ, to

|0l o at,... a0 - dllroq (AY,....AY)

‘p—é
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< 10 £llp—s/2 ZHA — Al H 1A " H 1A ZHA =T IA I (A3)

l=j+1

On the other hand, the Faa di Bruno’s formula with 1 < v < p gives
9y (foowpg — fooBa) =04 foopy — Iy foo Py

+Z (:) > GO0, fo 000 ((Dopa)™,- -, (o))
- Z < ) ZC(@” 100l f5 0 Bo (Do @)™, ..., (0§ 0)™)

with the notations of Theorem 3.2. Hence, using the decomposition in (A.13) we have

Hae( 6090 = fo.0P0) o5 < [10udg foll /2 | = Pllps

+3 () S 8 1019 s e~ bl
q=1 i

30 (4) S s ol 5/22 23 ~ @l
q=1

Upon using Cauchy estimates, we obtain

) N 2 Ny . (16Me\ T
195 o0 = 0 @) l-s <2 o= @ls + B llo— s 3 (1) T (H55)

q=1
1 v by N 16Me |1‘ g n . ~
+ e DR CACE)] P
8¢ q4) = 0 —1
q=1 i J=1
2M 16Me
—P, — Pllpw
<20n, (M5 ) o ol

N4 _ 9 TTE sy
where we denote Cf! = C{ ] |j:1]!ZJ and
$+§_z

Y ~ . . d¥ i
013 () s e ene) - 5 ()
q= i

Considering now the second part of 9 (A()g — A(P)g) and denoting F = (9u0) 1 (f o )
and F' = (9,p)"'(f o @), we have for v > 1

=0

Hag(augpp_augaﬁ)up_ < HaeyﬁugoHp_éHF—FH + ||agauso—856us5\|p_5HFHH

<22 |F- B+ 13-,

Denoting Ag(u) = dypp(u) and Ag(u) = d,@(u), we have
IF = Ellp—s < 1{A) " lo—s [1(f 00 = f 0 @)llp—s + 1A~ = (A) "M lpms [{f 0 D)l
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S8M B
< 5 le —&llp

where we have used the bound in (a) [[(4)~*(|,—s <2, [(A)~*[|,—s < 2 and the inequality

_ 5\ _ - 5 4 5
(AT = () Hlp—s < IKA " -6l () lp—sll A = Allp—s < 5llp = Bl

Finally, we obtain

|

Collecting all terms, we finally have

64M2e - oM
le = @llo + 5|

h0upF -0 F)| <

o6 = 02 050 — 0@l (A.14)

M M
105 ae) = AN s < 210 (55 o - Bl

with Q,(§) =1+ 2¢ + P,(&). By a Cauchy estimate it holds that

VE>0, P& <2"MVeetu! and  Q,(0) < Qu(€) <2V Veet v+ 26+ 1.

The corresponding bound for I'* is then obtained straightforwardly. O
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