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Abstract

In this paper, we are concerned with the numerical solution of highly-oscillatory Hamiltonian systems
with a stiff linear part. We construct an averaged system whose solution remains close to the exact one
over bounded time intervals, possesses the same adiabatic and Hamiltonian invariants as the original sys-
tem, and is non-stiff. We then investigate its numerical approximation through a method which combines
a symplectic integration scheme and an acceleration technique for the evaluation of time-averages devel-
opped in [CCC T 05]. Eventually, we demonstrate the efficiency of our approach on two test problems
with one or several frequencies.

Keywords: highly-oscillatory, averaging, adiabatic invariance, filtering.
MSC numbers: 65L05, 65P10, 37M15

1 Introduction

There are many different systems in nature whose evolution is accurately described by Hamilton’s equations.
These are obtained from a variational principle and can be actually derived from a single scalar function,
called the Hamiltonian, which is an invariant of the problem. Physically, it represents the (constant) energy
of the system. Hamiltonian systems have the fundamental property that their exact flow is a symplectic
transformation (see for instance [HLWO06]) and often behave in a very remarkable way (as explained by
the celebrated theory of Kolmogorov, Arnold and Moser [Arn63, Kol54, Mos62]). These features motivate,
in accordance with the aims of geometric integration, the introduction of symplectic numerical flows that
approximate the exact flow when, as it occurs in practice, no closed expression of the solution can be found.
Symplectic integration methods preserve the symplectic structure of the Hamiltonian system and it has been
shown that they also preserve a modified Hamiltonian function over exponentially long intervals of time. The
theory sustaining this remarkable result, known as backward error analysis [HL0OOa, Rei99], is the key to
many theoretical results describing the qualitative behaviour of numerical schemes applied to Hamiltonian
systems.



In this paper, we are concerned more specifically with Hamiltonian systems whose solution is highly-
oscillatory. A simple yet representative model of Hamiltonian system whose solutions have highly-oscillatory
behaviour is given by the second-order differential system

(1) + D (t) = g(x(t)), (1.1
where x(t) = (z1(t),22(t)) € R™ x R? depends on time ¢ > 0 and Q is a positive semi-definite
matrix with some large eigenvalues, while g(z) = —VU(z) derives from a potential function U(x). The

Hamiltonian associated with system (1.1) is
. 1. . 1
H(z,#) = 4l]2 + 59| + U(a).

Note that the reason for the above splitting z(t) = (x1(t), z2(t)) becomes clear later in this text.

Dealing with highly-oscillatory systems leads to the following difficulties. Firstly, and even in the purely
linear case (g = 0), getting a bounded error propagation by means of a given explicit numerical method,
requires the step size h be restricted according to

hw < C,

where C' is a constant that depends on the numerical method, while w is the largest eigenvalue of (2. This
constraint ceases to be numerically realistic whenever w becomes large. On top of that, in applications to
molecular dynamics for instance, fast forces are crudely modelized here by the harmonic term —2z (short-
range interactions), and they are much cheaper to evaluate than slow forces deriving from U (long-range
interactions): in this case, it seems highly desirable to design numerical methods for which the number of
evaluations of slow forces is not (too much) affected by the presence of fast forces, and the constraint hw < C'
becomes even more prohibitive. Lastly, backward error analysis, which is the basic tool for obtaining large
time error estimates in the present Hamiltonian situation, anyhow requires hw < 1. Again, as w increases,
this constraint cannot be fulfilled in practice, and one cannot draw any conclusion from the existence of a
modified Hamiltonian system (see above), in terms of error bounds or so. In any circumstance, an alternative
theory has to be proposed in the highly-oscillatory case.

Recently, Hairer and Lubich [HLOOb] have introduced the so-called modulated Fourier expansion, which
brings new light on the behaviour of highly-oscillatory Hamiltonian systems. In their approach they consider
the particular case when () is block-diagonal with two blocks, the first block corresponding to the zero
frequency and the other one being scaled by a large parameter, so that the original Hamiltonian system is

assumed to split into
S (0050 ) (20 = s 12)

Here A is given and positive definite, £ > 0 is a small scaling parameter, and x; may be seen as the slow
component while x5 is the fast component in the original system. This setting will as well constitute our
framework in the present paper. The work [HLOOb] has been later extended by Cohen, Hairer and Lubich
[CHLO3, CHLOS5]. Their contribution explains the good behaviour of certain Gautschi type methods [Gau61,
Deu79, GASSS99, HL99, HLOOb], as far as preservation of the total energy H , and almost invariance of
oscillatory energies (or adiabatic invariants) are concerned. Roughly speaking, the oscillatory energy in (1.2)
is the energy

_ 1
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of the harmonic oscillator attached with the fast component xo in system (1.2). It somehow is the fast
oscillatory part of the total energy

H(w,8) = 3 N0 + 5 o2 + g 14 202 + U1 (), 22(6).

Even more, it turns out that rationally independent eigenvalues of A'/2 actually give rise to independent
oscillatory energies: they are obtained by decomposing z» onto the various eigenspaces of A/2 | or, equiv-
alently, by splitting the oscillatory signal x2(t) into components which oscillate at rationally independent
frequencies. The name adiabatic invariant then stems from the fact that these oscillatory energies are either
almost constant in time, or at least slowly varying functions of time when solving (1.2). As a last point of
terminology, let us mention that in this context, energy exchange refers to the exchange of energy between the
oscillatory energies, i.e. between the various components of z2(t) which oscillate at rationally independent
frequencies.

Now, a careful study (see [HLWO06] Chapter XIII.2.) shows that none of the above mentioned methods
has perfect energy conservation: for values of the stepsize such that hw is close to a mutiple of 7 the errors
become large. This is due to a resonance effect between the step-size and the natural eigenfrequencies of
the system. Very recently, Grimm and Hochbruck have built up a new Gautschi type method which provably
carries no resonant stepsize [GHO06]. Yet the counterpart of this favorable feature is a loose reproduction of
the energy exchange between oscillatory components.

In summary, an important challenge for a numerical method in this context is to approximate adequately
both the adiabatic invariants and the energy exchange, while avoiding resonances.

In this paper, we introduce a new numerical method based on an averaged version of the original equa-
tions. It stems from a preconditionning of the Hamiltonian by the fast variables. This introduces an explicit
representation of the highly oscillatory components, which can be averaged over a period (and somehow
filtered out), by artificially decoupling the two time-scales in the problem. In Section 2, we justify the pro-
cedure and give it a sound ground by comparing the exact solutions of the original system and the averaged
one. As expected, the error on the solution itself grows unbounded rather quickly as time increases. Besides,
the solution of the averaged system is an O(e) perturbation of the true solution on bounded time intervals,
no matter how small the step size. But as usual in this context, the accuracy in terms of individual trajectories
is not the point. Quite strikingly, the error on the Hamiltonian remains bounded over infinite time. More-
over, the adiabatic invariants of the original system become true quadratic invariants of the averaged one.
This feature is the key to all further results since it allows for the construction of a numerical method that
preserves adiabatic invariants, which is our main purpose. The method we propose involves the computation
of a highly-oscillatory integral which constitutes the largest share of its cost and we address accordingly its
numerical approximation. In Section 3, we consider the extension of this procedure to the case of multiple
frequencies and show that all results carry on easily. Finally, in Section 4, we demonstrate on two simple test
problems the validity of our theoretical results and hopefully the potential of our method, which preserves
the total energy and the adiabatic invariants and does not suffer from any resonance.



2 A simplified model with one frequency

As a first step, we consider, as it has become common in the litterature (see for instance [HLWO06]), a Hamil-
tonian system of the form

1 = gi(z1,22) = —V1U(21,22),

" 2.1)
Zg + 272 = g2(@1,w2) = =VoU (21, 22),

where z; € R™ and x5 € RY, the function U (z1,x2) is smooth!' and real-valued, while ¢ € (0,¢¢) is a

small parameter. To this system is associated the Hamiltonian?
2 . 112 P
. . ) 1 xro
H(.%'l,xg,xl,l‘g): H25‘Q| + H 2” + H 2” +U($1,£L’2).

In the whole paper, we will assume that the initial values w? , :1':(1] , xg , ;itg have bounded energy, in that

they satisfy the following condition, for some given positive € :

[ e g 2

Ve € (0,e), 5.2 5 5

<F, (2.2)

where E > 0 is a fixed number, independent of ¢ .
For the sake of conciseness, we will often work with the complex and rescaled variables

.. T2 . .
Y1 = 21 + 121, Z/QZ$+Z\£$2,

for which the equations (2.1) can be rewritten as

1 = S(y) +igt R(y1), uR(y2)),
) (2.3)
Y2 = —éyz +ipga (R(y1), pR(y2)) ,

where R (resp. ') denotes the real (resp. imaginary) part of a complex number, and where we have denoted
for convenience
1= /e

To this system is associated® the real-valued Hamiltonian with complex variables

2
el ) = 196017 + P25 4 20 0jeyn), i) @4
and the bounded energy condition (2.2) reads
0|2
ISE)I? + IIyzH < 2E. 2.5)

"Here and below, we shall not provide details on the regularity required for U in each specific intermediate result, since our final
and main result anyhow requires U possesses analytic regularity.
“Here and in the sequel, the norm used is the Euclidean norm in the spaces R™ and R? or C™ and C%.

3Through the equations Y = —i% ,j=12.
J



Note that under assumption (2.5), the initial value y" satisfies |33 = O(u) .
Eventually, we will sometimes use the “pre-conditionned” variables (in a similar spirit, see [BLO7b,

BLO7a])
it/e

21 = Y1, zZ3 =€ Y2,

for which the system takes the simple form
2= S(21) +ign (R(z), uR(e /e 2))
Zy = z',ue”/agg (%(zl),/ﬁ?(e_”/f@)) ,

and the bounded energy condition (2.2) reads

(2.6)

o f 012 ||Z(2)H2
ISEDIP+ T2 <2k,

Equations (2.6) are non-stiff (the term in 1/¢ has disappeared), yet non-autonomous. They are associated
with the time-dependent Hamiltonian

Ke(t/eiz,2) = [9(0)|? + 20 (Rz1), (e o2) ) @7
For brevity, we also write system (2.6) as
L= F(t/e,2), (2.8)
where z = (z1,22) € R™*¢  and the periodic function* F (7, 2) = (Fy(T,2), F»(7,2)) (7 € T) is defined
by

{ Fi(r,2) = S(=z1)+ig1 (R(z1), pR(e 7 22)), 2.9)

Fy(1,2) = ipeTgy (R(z1), pR(e " 2)) .

The main ingredient in this paper is to replace the above system Z = F'(t/e, z) by the averaged one
Z = (F)(2), (2.10)

where the average value (F') of F' is defined by

T—o00

) 1 T 1 2T
(F)(Z) := lim T/o F(T,Z)dT:%/O F(r,Z)dr.

System (2.10) is now a standard non-stiff system.

This replacement is relevant: it is indeed a well-known fact (which we actually prove below for the sake
of completeness) that systems of the form = F(t/e, z) do converge towards Z = (F)(Z) as € — 0, the
order of convergence being of the order of O(e) over any finite time interval, see e.g. [Arn89].

The surprising point is, in the next section we show that even if the solution of (2.10) approximates the
solution of (2.6) over bounded time intervals only, it still has a Hamiltonian structure, it possesses the same
adiabatic invariants as the exact solution of (2.6) over unbounded time intervals, and it preserves the

“In relation with the modulated Fourier expansion, let us note in passing that the function F we introduce here, obtained by
conjugating the original function ¢ through the oscillatory factor e*” , is such that its Fourier coefficients - in 7 - are roughly the
coefficients of the ¢/ in [HLWO06].



initial energy (2.7) up to € over long time as well, provided the potential function U satisfies some mild
assumptions. System (2.10) thus is nicely approximated by its averaged version

. 1 [27 .
2= 3@) +igs [ (R R ) ds
7r
L (2.11)
Z2 = Z/’LT 61892 (%(Zl)a MéR(ei’LSZQ)) dSJ
T Jo
a Hamiltonian system with Hamiltonian
1 2w .
(Kc)(Z1, Z2) = ||S(20)))* + 7r/ U (?R(Zl),uﬂ%(e*“Zg)) ds. (2.12)
0

Example 2.1 As an example, we consider the Fermi-Pasta-Ulam system, as described in [HLW006], i.e. with
Hamiltonian

1 1 1
H(qu,q2,p1,02) = SP{Py+ P02 + 550 @ + Ular @), 2.13)
where
. d—1
Ulq1,g2) = 1 {(qu — 2" + > (qriv1 — q14) — (q2i1 + ¢2.0)" + (qra + Q2,d)4} :
i=1

Computing exactly the integrals in (2.11) and going back to the original variables leads to the following
expression for the averaged Hamiltonian (K) :

1
(K)(q1,92:p1,p2) 529{291 + Ve(v1,v2), (2.14)
with
Loy e 4, 4 3 2 2 2,2 3 2/ 2 2,2
Ve(qr, q2) = 1((11,1 + Z(QLH-I —qua)t +arg) + Z(h,l(qQ,l +e°p3q) + Z(qLd) (%54 +€°P3a)
i=1
g -1
+3 > (qrivs — @10)°((@2it1 + 24)° + € (P2.041 + p2.4)?)

i=1
L3 g i1
t 33 (@1 +e3)% + o 32 e (pait1 +p2i)’ + (g + 05 4)° + 33 > (quiv1 + q24)*.

i=1

2.1 Approximation over bounded time intervals

Lemma 2.2 Let F(r,z) be the complex function (2.9) of T € T and z € C™*¢ . Assume that the potential
function U lies in C? (]Rd X ]Rd) . Take a fixed vector 2° € C™+e
On the other hand, for any ¢ € (0,¢e¢), let z(t) = (21(t), 22(t)) be the solution of the oscillatory system
(2.8)
=F(t/e,z), z(0)=2"eCm,



and let Z = (Z1(t), Z2(t)) be the solution of the average system (2.11)
Z =(F\(Z), Z(0)=2"ecmt

Then, there exists a time T* > 0 and a constant C > 0, independent of ¢ € (0,e9) and p € (0, po),
such that the solutions z(t) and Z(t) exist until time T* > 0 and satisfy for any ¢ € (0,e9) and
w € (0, o), the relation

Vte (0,T7), |zt <C, and || Z(t)|| < C.
Besides, there exists a constant C' such that for any € € (0,¢0) and p € (0, o), we have
Vte (0,T%), |z(t) = Zi@)| +p " 22(t) — Zo(t)| < Ce. (2.15)

Remark 2.3 Note that the above statement does not use the bounded energy assumption (2.5), according

to which 2{ = 4% = O(1) and 29 = y) = O(\/€), and only requires the milder 29 = ¥ = O(1),
0 0

25 =y = 0(1).

Proof. The arguments being standard, we only sketch the proof.

Firstly, as U has C? regularity, it is clear that ¢ = —VU belongs to C!, hence is locally Lipschitz.
Examining the explicit value of F(7,z) interms of g (relation (2.9)), it appears that F' is locally Lipschitz
in z,independently of 7, of ¢ € (0,¢¢),and of 1 € (0, 110), and sois (F') . The first part of the statement
follows.

Secondly, whenever ¢ € (0,7), we may write

Ht) = Z(t) = Fltfe,2(t)) - (F)(Z(t))
= (B)(z() = (F)(Z(1)) + F(t/e, 2(t)) = (F)(2(t))-

On top of that, there exists a function J(7,2) = (J1(7, 2), J2(7, 2)) from T x C™*+% to C™*+% which has
at least C'' smoothness in 7 and z, such that forall 7 € T and z € C™td |

F(r,2) = (F)(z) = 0;J(T,2),

(it suffices to take J(7, z) as the antiderivative in 7 of the left-hand-side), and using the explicit value of F’
again, we have the estimate ||.J2(7, 2(¢))|| < Cp whenever t € (0,7) for some constant C' independent
of ¢,and pu, and similarly ||0,J2(7, 2(¢))|| < Cp . Therefore, we may write

F(t/e, 20)) ~ (F)(=(0)) = = & (T(t/2, 20) — 0.7 (t/2, 2(1)) - Flt/2, (1))

and for all ¢ € (0,7), we recover
z(t)=Z(t) =eJ(t/e, 2(t))—J (0, z0)+/0 ((F)(z(s))—<F>(Z(s))—563J(5/€,z(s))'F(s/e,z(s)))ds.

This yields the result using the Gronwall Lemma, and the regularity at hand for F', (F'),and J . |

Solving (2.11) thus provides us with an ¢ -close approximation of the solution of (2.3) over finite times.
Going back to the Y -variables, and as a straight consequence of Lemma 2.2, we obtain the following



Corollary 2.4 Let F(7,z) be the complex function (2.9) of 7 € T and z € C™e. Assume that the
potential function U lies in C? (]Rd X Rd) . Take a fixed vector y° € C™? and define 2° = y°. Define
y(t) = (y1(t),y2(t)) as the solution to (2.3) with initial value y°, and Z(t) = (Z1(t), Zo(t)) as the
solution to (2.11) with initial value z° (and u = /¢ ). Lastly, define the function

Y(t) = (Yi(t), Ya(t)) = (Z1(t),e /e Z(1)).

Then, there exists a time T* > 0 and a constant C' > 0, independent of ¢ € (0,2¢), such that the
solutions y(t) and Y (t) exist until time T > 0 and satisfy for any € € (0,¢eq), the relation

Vte (0,77), |yl <C, and [|Y (t)|| < C.
Besides, there exists a constant C' such that for any ¢ € (0,&¢) , we have
vt e (0,T), ly1(t) = Yi(@)[| + e /2 |ly2(t) — Ya(t)|| < Ce. (2.16)

Remark 2.5 Again, the above statement does not use the bounded energy assumption (2.5), and only requires
the milder 29 =9 = O(1), 29 =9 =0(1).

2.2 Hamiltonian and adiabatic invariants over long-time intervals

Quite remarkably, the adiabatic invariants of the original, oscillatory system (2.8) turn out to be preserved
along the exact solution of the averaged system (2.11), on any time interval, as we now show.

Theorem 2.6 Under the assumptions of Lemma 2.2, let Z(t) = (Z1(t), Z2(t)) be the exact solution of the
averaged Hamiltonian system (2.11). Then, the quantity

d
1Z2(8)* = 1 Z2 (1),
i=1

which can be interpreted as an adiabatic invariant, is preserved as long as the solution Z(t) exists, i.e.
1Z2()]] = [ Z2(0) .

Remark 2.7 As claimed in the introduction, the quantity ||Z5(t)|| is the energy carried by the fast oscillating
part Zs(t) of the full vector Z(t).

Proof. Let X = R(Z;). We have

d * 1 2 1S r7% —1is
SN = 2M(Z575) = 2R (5 /0 ¢ Z3gn (X (e 2a) ds ).

where Z3 denotes the vector (Z3)7 . Noticing that

d . 1d 4 - 1 . - 4
= (R(e™*2y)) = 55(6*2822 + e Zy) = —ig(e*“z — e Z5) = S(e7Zy), (2.17)
and using that go = —VU is real-valued, it is straightforward to obtain
d 2 1 o x —18 T —is 1 is s=2m
aHZQH = — S(pue™Z2)” VaU(X, pR(e™ ¥ Zy))ds = — [U(X, pR(e " Zs)) =0.
™ Jo s s=0

8



Based on the above Theorem, the following lemma now refines the bounds at hand on the exact solution
of (2.11).
Lemma 2.8 Under the assumptions of Lemma 2.2, let E > 0 be given, and assume the initial value 0=

(29,29) satisfies the bounded energy relation (2.5). Assume furthermore that the time T < +oo, is such

that the solution Z(t) = (Z1(t), Z2(t)) of (2.11) with initial value z° exists until time T, and remains in
a given bounded set for any t € (0,T), independently of ¢ .
Then we have the estimate

Ve € (0,60), Vt € (0,7), [ Za(t)|]* = | Z2(0)|* < 2¢E. (2.18)
Moreover there exists a constant C' such that
Ve € (0,e9), Vt € (0,T), |Kc(t/e; Z(t)) — Kc(0; Z(0))] < Ce, (2.19)
where Kc(t/e,Z) is the Hamiltonian (2.7) associated with the non-averaged system (2.6).

Remark 2.9 In other words, and quite remarkably again, according to the second estimate, the solution
of the averaged system preserves the time-dependent Hamiltonian of the oscillatory system over any time
interval, up to an error of size €.

Remark 2.10 The existence of a finite value of T such that the assumptions of the Lemma are met, is
guaranteed by Lemma 2.2.

Note that the situation T = 400 occurs when, say, g is globally Lipschitz, or when the potential
function U is coercive (U (z1,z2) > ||x1||* + ||22||* for large values of x ), say.

Proof. Inequality (2.18) is a consequence of the previous theorem, combined with the bounded energy
condition (2.5).
On the other hand, as Z(t) is the exact solution of (2.11), the Hamiltonian function (2.12) is preserved:

vt >0, (Kc)(Z(t)) = (Kc)(Z(0)).
Hence, we have
Kelt/e: 2(1) - Kc(0: 2(0)) = Ke(t/=: Z(1)) — (Ke)(Z(8) — (Ke(0; 2(0)) — (Ke)(Z(0))). (220)
By definition of K¢ (2.7) and of (K¢) (2.12), we have forall Y € C™*¢ andall ¢ > 0,

2m
Kelt/=Y) — (Ke)(Y) = 20(R(), s %)) — © /0 UR(A), iR(e*Y2)) ds. (2.21)

Using the boundedness of Z(t) and estimate (2.18), according to which Z5(t) has size v2eFE , we easily
obtain forall ¢ >0 and s € (0,27),
UR(Z1(2)), pR(e™ /2 Z(t))) = UR(Z1(1)), uR(e™ " Za(t)))| < C V2¢E,

where C' does not depend on ¢ nor on t. Plugging this inequality into (2.21) and (2.20) then yields the
result. |

We can now pull the averaged solution Z(t) back to the original variables. This leads to the following



Theorem 2.11 Under the assumptions of Corollary 2.4, let EE > O be given, and assume the initial value
y0 = (49,49) satisfies the bounded energy relation (2.5). Define Y (t) as in Corollary 2.4. Assume further-
more that the time T < +oc is such that Y (t) exists until time T and remains in a given bounded set for
any t € (0,T), independently of ¢ .

Then, we have for any t € (0,T) the upper-bounds

[Ya(1))[|* = [|Y2(0))|* < 2¢E, (2.22)

and
|He(Y1(t), Ya(t)) — He(Y1(0), Y2(0))| < Ce, (2.23)

where H¢ denotes the Hamiltonian (2.4). and C' does not depend on .

Remark 2.12 In other words, the reconstructed solution Y (t) obtained from solving the averaged system
preserves both the adiabatic invariant of the original system (first estimate) and its time-dependent Hamilto-
nian up to an error of size € (second estimate).

Remark 2.13 One may have T' = +o0o under the assumptions of Remark 2.10.

Proof. Estimate (2.22) is an immediate consequence of Theorem 2.6. In order to show (2.23), we write,
with the notation of Corollary 2.4,

He(Yi(t), Ya(t)) = T Ke(t/z, Z(t), Za(t)) (2.24)

so that (2.23) appears as a consequence of (2.19). [ |

1Z2(2)]
9

2.3 Semi-discrete solution

The results of the previous subsection motivate the search for a numerical approximation of the averaged
equations (2.11) in place of the non-averaged ones (2.3). It is to be hoped indeed that one may obtain in
this way a method that preserves both the adiabatic invariant of the original, oscillatory system and its time-
dependent Hamiltonian.

The first step towards this objective is the discretization of integrals contained in equations (2.11) . Given
the integrands are periodic functions, it is well-known that Riemann sums are particularly suited for that. We
shall thus consider the sequence of problems associated with the Hamiltonians

KY(21,Z) = |S(20)|2 + Z U( uR(e —ZQ"T”ZQ)), (2.25)

for Z = (Z1,7Z5) € C™*4, which are approximations of Hamiltonian (Kc)(Z1, Z2), see (2.12). The
corresponding system reads

N-1
> 1 _j2nm
A %(Z{V>+zNzog1(%<z{V>w<e ¥2).
' . No1 n= ; (2.26)
ARE wNn:Oe@Ngz(w ), uR(e 25

10



In the sequel, we assume that the smooth function U(x) = U(x1,x2) is analytic in the sense that, for a
given constant By, there exist constants Ky and Ry such that

olel _
Vae N™ vz eR™ with |z|| < By, 5l (@)| < al Ko Ry e (2.27)
where |a] = a1+ + miq and ol = ol apag! if a = (a1, .., amid) -

We prove below that the exact solution of this semi-discrete set of equation enjoys similar properties than
the true solution Z(t) to the averaged system (conservation of energy and of the adiabatic invariant).

2.3.1 Approximation over bounded time intervals

We first estimate the difference on finite time intervals between the solutions Z(t) of (2.11) and ZV(t) of
(2.26). The difference ZV(t) — Z(t) turns out to have size 1 over bounded time intervals.

Lemma 2.14 Assume that U satisfies (2.27) and let (y?,43) € C™*+<. Suppose that for all ¢ € (0,¢),
the solutions Z(t) of (2.11) with initial values (y{,vy2), and ZN(t) = (ZN(t),ZN (), N > 1, of
(2.26) with the same initial values exist until a time T < 400. Suppose in addition that these solutions are
uniformly bounded with respect to € and N , in the following sense:

Ve € (0,e0), VN >1,Vt € (0,T), sup (HZN(t)H Az@®))) < B, (2.28)

for some constant B < By .
Then, for a sufficiently small g, and for any finite time T* < T, there exists a constant C depending
only on T* and B such that

VO <t < T, 1Z1(t) = ZN @) + p= 1 Zo(t) — Z¥ ()| < Our. (2.29)

Remark 2.15 As a consequence of the estimates below, the assumptions of the above Lemma are met when-
ever the initial data have norm estimated by B/2 (with B < By ), say, and N is sufficiently large (or ¢ is
sufficiently small).

Proof. Let F'(7,Z) be defined by (2.9), and forall n=0,...,N —1,let s, = %T" . We have

Zy = 21" = (F)(2Z) — (F1)(Z")
2m

‘H'% G(R(ZY), uR(e™23")) Z* Z N (R(Z)), uR(e " 23")).

For z; € R™ and 25 € C?, the function s — h(s,x1,22) = g1(x1, ?]%(6_7;522)) is 27 -periodic and can be
expanded as a Fourier series

(s,21,22) E hi (21, 20)e™s,
keZ

11



~

with smooth coefficients ﬁk(xl, z2) . Note that, as U is real-valued, we have iL, = hy forall kK € Z.
Now, we get

N-1

1 » 1 21 »
N O BREN) (e 28) - o [ R, (e 2 ds
N =0 271' 0
N
Z hk ,UfZQ )N Z eZkSn_
keZ\{0} n=0
Since N N
—1 —1 .
1 Z giksn _ L Z Q2imnk/N _ { 0 if k/N ¢Z, (2.30)
N — N — 1 if k/Ne€Z,
the previous sum reduces to
23" Rihn(R(ZD), 5 73)).
JEN*
On the other hand, for all k € Z, we have
R 1 [2r .
hi(x1, pze) = —/ eflksalU(azl,;L?)‘E(eﬂs,@))ds.
27T 0
Expanding the right hand side in p € (0, \/20) , we find for £ > 1,
ilk(xb,uzz) =
1 k-1 un 27 " ) k
7@ S —18
_ %TLZ:%TL! i 815U (1,0) (R(e 2, -, R(e™™ ))ds+ o —Ry(z1,822), (2.31)
where

27

for some 0 < & < p . In formula (2.31), the integrand is a homogeneous polynomial of degree —(k — 1) <
n < k—1 in €*, multiplied by e~?**, and hence, its average over [0, 27] is equal to zero. For k = jN
with j > 1 we deduce using (2.28) and (2.27)

1 [2 . . .
Rp(w1,822) = / e 105U (w1, ER(e " 22)) (R(e P22), -+, R(e 22)) ds
0

N
H] Ny ¢ 7N pB\’
(] ]N (Zl )7522 )‘ < KO <RO) .

Plugging this estimate into the previous one, we conclude that for p sufficiently small,

i (R(ZY), 028 =

1

<ouN
o =M

2
Z BORZL )i 20) = 5 [ hOR(EY) e 2 as

where C is 1ndependemt of p,hence
12y = 2| < IKF)(Z) = (F)(Z2M)] + Cp™.

Estimate (2.29) then follows from Gronwall Lemma. The counterpart for Z can be obtained in a similar
fashion. n

12



Combining this result with Corollary 2.4 allows to pull back the above result in terms of the original y
variables, as follows.

Theorem 2.16 Assume that U satisfies (2.27), and let (39,y9) € C™*¢. Forall ¢ € (0,e0), assume that
the solution y(t) = (y1(t),y2(t)) of (2.3) with initial values (y?,9) exists until a time T < +oco. Assume
moreover that the solution Z™(t) = (ZN(t), ZY(t)) of (2.26) with N > 2 and with the same initial
values, exists until time T'. Eventually, suppose that these solutions are uniformly bounded, in that they
satisfy (2.28) for some B < By, whenever ¢ € (0,20) . Define the function YN (t) = (YN (t), YV (1)) =
(ZN(t), e 2 (1)),

Then for sufficiently small g, and for any finite time T* < T', there exists a constant C', independent
of € and t, such that for all ¢ € (0,&g),

VO<t<T*  lyi(t) = YN ()] + e Y2 lya(t) — Y3 (8)]| < Ce. (2.32)

Remark 2.17 Again, the assumptions of the Theorem are met whenever the initial data have norm estimated
by B/2 (with B < By ), say, and N is sufficiently large (or ¢ is sufficiently small).

2.3.2 Hamiltonian and adiabatic invariants over long-time intervals

Let us now turn our attention to the conservation of invariants by the semi-discrete solution Z (¢) .

Strictly speaking, the adiabatic invariants of (2.11) are not any longer exact invariants of (2.26). However,
we still are in the very favourable situation where the oscillatory energies remain almost constant over long
intervals of time. This result is of prior importance for our approach.

Theorem 2.18 Assume that U satisfies (2.27). For all € € (0,e¢), let ZN(t) = (Z]N(t), ZN(t)) be the
exact solution of (2.26) with initial values (y?,v3) satisfying the bounded energy assumption (2.5). Suppose
that the solutions Z™ (t) exist until a time T < +oc, and that there exists a constant B < By independent
of € and N > 3, such that

vte (0,T), ||IZN@)| < B. (2.33)

Then there exist positive constants ¢y and C depending only on E and B such that forall € € (0,¢q),
N >3
0

T) I - 12 o) < ce (2.34)

Remark 2.19 As before, the assumptions of the Theorem are met, for some finite value of 'I' at least, when-
ever the initial data have norm estimated by B/2 (with B < By ), say, and N is sufficiently large (or ¢ is
sufficiently small).
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Proof. Let X(¢) = ?R(ZN(t)) andfor 0 <n< N-1,let s, = %TW . Using (2.17), we obtain for all time

th” YIP = R(2ZY)
| Nl
= iR (i Do @ (Z8) (X, pR(e T 2)))
n=0
N—-1 m
1 oUu
— Cx —zanN X. uR —zanN
Nn();d(ue 25) gy (X R )
N-1
1 d is
= v @U(Xa/i%(e )
n=0 S=Sn

For fixed 21 € R™, 29 € C%, the function s — f(s,21,20) = U(x1, R(e *27)) is 27 -periodic and can
be expanded as a Fourier series

zks
(s, 21, 22) § fr(x1, z2)e™s,

kEZ

with smooth coefficients fk(xl, z9). As U is real valued, f,k = ﬁ for all £ € Z . Hence, we get
N-1

N 1 iks
= Z U(X, pR(e™*"23")) = D (i) fi(X,uZ5) 5z D, €™,
n= keZ n=0
and, using (2.30),
2 _ ATV F. N
517817 = 2;<3N>o(fﬂv<x, uz3)). 235)

Now, as in the proof of Lemma 2.14, estimates (2.33) and (2.27) imply

~ ZN JN
x| = Lo e, ez < i (ML)

(J R
Owing to bound (2.33), we can assume that ¢ is such that for all 1 € (0,/20) ,

N
plZy N _ 1
R 2’

N N
< CN (MH]Z;H) (2.36)

for some constant C depending on K . Now, for given numbers a and r > 1, the exact solution of the
ODE & = az" is given by

and hence we get from (2.35)

‘HZQ

2(t) = wo(1 = 2§ (r = Dat) 77,

so that for ¢ < (x5 (r — 1)a)™!, we have x(t) < 2z . Applying this estimate with a = CNuN RV
r=N/2>1 and xg = 2F¢, we can show from (2.5) and (2.36) that there exists a constant ¢ independent

14



of € and N such that

N
Yt < min (CO T) . 12N @))* < 4Ee.

pNeN/2=2’
Plugging this estimate into (2.36), we obtain similarly the existence of constants ¢ and C such that
N
. &
vi<min (R0 T). IO - 120 < o
This completes the proof. |

As before, it now becomes an easy task to pull back the above estimates in terms of the original y -
variables.

Theorem 2.20 Assume that U satisfies (2.27). For N >3 and ¢ € (0,¢¢), let ZN(t) = (Z] (t), ZY (1))
be the exact solution of (2.26) with initial values (y,v9) satisfying the bounded energy assumption (2.5).
Assume that Z"N (t) exists until a time T < +oo, and satisfies (2.33) for some B < By. Define YN (t) =
(21 (1), e =250 (1)) -

Then there exist positive constants co and C such that for all € € (0,¢9) andall N > 3,

. cy
and N
. C
V0 <{¢<min <,UN5](\)[/22’T> ) ‘HC(YlN(t)aYQN(t)) - H(c(y%jyg)\ < Cg, (2.38)

where Hg is the Hamiltonian (2.4).

Remark 2.21 In other words, the semi-discrete solution YN (t) obtained through the solution of the aver-
aged system (2.11) preserves both the energy and the adiabatic invariant of the original oscillatory system

(2.3), up to error terms of size €° resp. ¢.

Remark 2.22 As usual, the assumptions of the Theorem are met, for some finite value of I', whenever
the initial data have norm estimated by B/2 (with B < By ), say, and N is sufficiently large (or ¢ is
sufficiently small).

Proof. The first inequality follows from the previous theorem. Using (2.24) and the preservation of Hamil-
tonian (2.25), we next obtain

N _ N
He(V (0. Y7 (1)) — Helf ) = 2(A0)(0) - 2a0)(0) + 122 12T OF

9

13
where
1 i 2
_ N —it N N —3 22T > N
AU = U(éR(Zl ), R (e~ i/= 7] )) -~ §_0: U(é)fe(z1 ), R (e~ R 22 )),

LY (U (R(2), uRe™22)) = U (R(ZY), (e 23))).

15



N
According to the previous theorem, as long as ¢ < min (W,T) , the solution Z¥(t) remains
bounded and satisfies the estimates (2.33) and (2.34). Hence, as in the proof of Lemma 2.8, we can show that

N
, ¢
vismin (B T), A0 - A0)0) < Ce
for a constant C' independent of N and €. We now get the result using (2.34). |

2.4 Fully-discrete solution

We now consider the time discretization of (2.26) by a symplectic method. We denote by FV(Z) =
(FN(2),F{(Z)) the right-hand side of (2.26) and, for a given step size h > 0, by ®¥(-) a symplec-
tic integrator of order r applied to this system (hence fI>hN represents one elementary step of the numerical
integration). Finally, we define the numerical approximation as the sequence

ZN0 = 4% = (y,49) € CH, (2.39)
zZNn = olN(zNn=1) > 1. (2.40)

This entirely defines the numerical method we retain in this article (up to the choice of a symplectic numer-
ical integrator <I>hN ). Note that each computation of the vector field which defines Z% , derived from the
Hamiltonian Kév (see (2.25) and (2.26)), roughly has a cost of the order N . Note also that solving the
semi-discrete problem by a standard, non-symplectic scheme would be pointless: energy would drift in that
case.

Theorem 2.23 Assume that U satisfies (2.27), and let hg > 0. For all € € (0,e9) and h € (0, ho), let
ZNn = (Z{V " Zév ™) be the numerical solution given by a symplectic integrator CIDhN applied to the system
(2.26) with stepsize h and initial values (y9,yY) satisfying the bounded energy condition (2.5). Assume
that ZN™ s well-defined for all n > 0 such that nh < T, where T < 400 is some given time, and that
ZN" s bounded by a constant B independent of €, h, N > 3 and n, in the sense that

Vnh € (0,T), ||Z™"| < B. (2.41)

Then for hg sufficiently small, there exist positive constants cy and C depending only on E and B
such that for all € € (0,e0), N >3 and h € (0,ho),

N

. CO N,TL
Vognhgmln (W,T>, ‘HZQ

2 2
"= 12017 | < Ce?. (2.42)

Remark 2.24 In the particular case when the chosen symplectic integrator <I>hN is provided by the midpoint
rule, the proof below establishes that the assumptions of the Theorem are met whenever the initial data have
norm estimated by B/2 (with B < By ), say, and N is sufficiently large (or ¢ is sufficiently small).

In the general case when @flv may be any symplectic integrator, we simply mention that the methods
developed in [HLWO06], combined with our assumption that U has analytic smoothness (2.27), show that the
assumptions of the Theorem are met under similar circumstances.

Note finally that one may again have I' = oo here, provided particular circumstances are met, such
as a global Lipschitz bound on g, or some coercivity of U, see Remark 2.10.
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Proof. For the sake of symplicity, we consider here the case of the midpoint rule. For a general symplectic
method, we can adapt the proof along the lines of [HLW06, Thm. IV.2.2].
Under theses circumstances, sequence (2.40) becomes

ZNn+l _ ZNn+hFN<ZNn+1/2>

where forall n, ZNn+1/2 .= (ZNn»+1 ZNmy /9 | Premultiplying the second component of by (ZN m+l/ %)
leads to
125" = 125717 + 22y ) B (2N ),

As in the proof of Theorem 2.18, from bound (2.41) we can derive the estimate

o
v 20, [12," 1257 < o | (2.43)

valid for some constants R and C' depending on U and B (compare with (2.36)). Using (2.33) again and
the hypothesis on U , we easily see that there exists a constant ¢ such that

YN >3, %n >0, | 222 < (1 + he)|| 27 .

from which it follows, in combination with (2.43), that

1+h _
o2 0,128 < 2P (1 o R iy Y0

Therefore, for h < hg sufficiently small, there exists a constant o > 0 such that for any N we have
C N (14 he)N/RYN < o, and we deduce
‘N—Q)

v = 0, 123" < 12 (1 ez

Finally we obtain

n
Nn+1,2 N,0,2 N,pN—-2
Vn =0, 12T < 125700 exp | e Y1127
p=0

Now, recall that HZNOH < 2Fe and assume that for p = 0,...,n, we have HZ;V’pH2 < 4Fe . Using the

last inequality, we thus have
||Zév’n+1||2 < 2Feexp (nh,uNozN(élE)N_QeN/Q_l) ,
so that for
nhp™NaN (AE)N72eN271 < og 2 (2.44)

Nyn+1 N,n+1
)2 127" =

we have [|Z, < 4Fe¢ as well. This proves by induction that for all n satisfying (2.44),
O(p). Eventually, plugging this bound into (2.43) shows that there exists a constant « > 0 depending only
on B, E, U and hy such that for all n satisfying (2 44),
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On the other hand, and quite unsurprisingly, the numerical solution Z™¥" obtained through a symplectic
integrator clearly preserves the natural discretized Hamiltonian (2.25), K (]CV , as shown by the following

Lemma 2.25 Under the hypotheses of the previous theorem, there exist positive constants hg, c¢ and C,
depending onlyon E, B and U such that for all € € (0,e9), N >3 and h € (0, hg),

V0 < nh < min (exp(c/h),T), \K& (ZNm) — K& (ZM0)| < Cch”
where 1 is the order of the symplectic integrator, and where Kév (Z) is the discretized Hamiltonian (2.25).

Proof. Assumption (2.27) and definition (2.25) imply that K (Z) satisfies analytic estimates of the form
(2.27) for some constants independent on N and e. The statement thus follows from classical results in
backward error analysis (see for instance [HLWO06, Chap. IX] and references therein). |

Therefore, we are now in position to state that the numerical solution Z™™ preserves both the Hamilto-
nian and the adiabatic invariant of the original oscillatory system (up to small error terms).

To present the result cleanly, going back to the original variables, we first define the approximations
YN of Y(t) (see above) by the formula

VYn>0, YN"=2Z" and Y= e inh/EzNm, (2.45)
Combining previous results with Theorem 2.20, we immediately get the following

Theorem 2.26 Assume that the hypotheses of Theorem 2.23 hold true for y = /¢ and define YN™, n >0
by relation (2.45). Then, for hqg sufficiently small, there exist positive constants ¢, ¢y, C depending only
on E and B such that forall € € (0,e9), N >3 and h € (0,ho),

N
V0 < nh < min <€]CVO2,T> , ‘”yzN,nHZ B ||YQN,OHQ | < Ce?, (2.46)
and
N
. & Cc
V0 < nh S min (EA?_Q,GXP (E) ’T> y ‘H(C(YQN’R) — H(C(YQN:O)‘ < C(E 4 hr) (247)

where r is the order of the symplectic integrator, and Hc the hamiltonian (2.4).

Remark 2.27 With the previous notation, it is clear that Theorem 2.16 (error estimate between the true solu-
tion and the approximate one, over bounded time intervals) extends straightforwardly to the fully discretized
solution YN'™ | the error in the equation (2.32) being then of order O(s + h7). More precisely, using
the above notation, for sufficiently small €y, and for any finite time T* < T, there exists a constant C',
independent of € and n, such that for all € € (0,¢¢), all h € (0, ho),

VO<nh <T*,  lya(nh) = Y| + e 2 |lya(nh) = Y3 < Cle+ hT).
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3 Extension to the multi-frequency case

In this section, we consider the extension of previous results to the case where different frequencies are
present in the system. The equations are similar to (2.1), the only difference being that % is now replaced by
a matrix %A :

T = gi(z1,22) = —ViU(z1,22),

R Y D
:c2+?2A r2 = ga(rr,22) = —ValU(z1,29),

where ;1 € R™ and 2o € R?, and where A isa d x d symmetric positive definite matrix with positive
eigenvalues wy, ...,wq . Similarly to (2.2), we assume that the initial values depend on ¢ in such a way that
the following energy is bounded

Az9)|? . .
vee Oz, A2 et + e < b
1
Introducing the variables y; = z1+i2; and y2 = 7A1/2x2 +7;\/EA71/2I"2 , system (3.1) can be rewritten
€
as (compare (2.3))
1= Sy) +igi(R(w), pA 2 R(ya)),
) A S B (3.2)
o = —i_y+ipAT 2Ry, AT R(w),
with Hamiltonian
— |l 2 ||Al/2y2||2 A—1/2
He(y,y2) = [Sw)l” + +2U(R(y1), p R(y2))- (3.3)
The condition on the initial values now takes the form
A1/2,,0/12
Isde + A28 < op, 34
The equations can be simplified further by introducing z; = y; and 29 = e’fAyg
A = S(z)+ig(R(21), pA~V2R(e T2 42)), s
G o= ipe AT 2y (R(21), ATV R(e T A 2), '
and are then associated to the non-autonomous (complex) Hamiltonian
Ke(t/e;z1,20) = |S(20)|)? + 2U(R(21), VEATY2R(e7/52))). (3.6)

Asin the case A = Id, we can write (3.5) in the form (2.8) with a vector field F'(7, z) defined by (3.5) and
consider the corresponding averaged system (2.11), where the averaging operator (F') is now defined by

T
(FY(Z) = lim ~ /O F(r, 7)dr. (3.7)

T—o0
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The averaged system we consider can hence be written as

T—o0

T
2 = Sz +ifin g [ Rz, pA PR ) ds,
0

. LT | (3.8)
Zy = ip lim / eBAATY2 g0 (R(Z1), pATV 2R (e Z5)ds.
T—oo T 0
This is once again a Hamiltonian system associated with the Hamiltonian
e A
(Ke) (21, Z2) = H%(Zl)HQ—|—2TlinéoT/ UR(Z1), uR(e A A712Z,)) ds. (3.9)
- 0

Some remarks about the numerical approximation of the above system are in order (the very discretization is
discussed in detail in the next paragraphs). Firstly, as shown through the estimates (3.15) and (3.17) below,
the discretization of the integrals involved in (3.9) will eventually have cost O(N) for some large N , for
approximations of the integral that will have exponential accuracy. Secondly, note that after a possible change
of unknowns and of function U , we can always assume that the matrix A is diagonal. From the point of
view of the numerical cost, this means we readily consider the computation of the diagonal form of A asa
pre-processing step, independent of our main task which is the filtering of the fast oscillations, so that we do
not further investigate the very method that should be used to diagonalize A, nor its cost.

In the sequel, the eigenvalues of A are assumed to satisfy a non-resonance condition according to the
following definition. Note that this condition is generically satisfied.

Definition 3.1 For a given set of frequencies w = (w1, ... ,wq) € R?, the resonance module M is defined
as
M={aecZajwi+...+agws = 0}.

The vector of frequencies w is said to be non-resonant outside M if
3y,v >0, VaecZ\M, |a-w|>5|al™. (3.10)
The orthogonal of the resonant module is defined by
Mt ={3ecZVae M, a1+ -+ agBs = 0}.

Remark 3.2 The introduction of the resonant module M is a way to select those component of the given fre-
quency vector w which are rationaly independent. It generalizes more standard notions of 'non-resonance’.
Let us give three simple examples.

The simplest case corresponds to w = (w1, ...,wq), where the w; s are rationally independent. In that
circumstance, the resonant module reduces to {0} , and the small-denominator estimate (3.10) is generically
satisfied. This is the most standard notion of non-resonance: the vector w is then said to be non-resonant.

The point is, our analysis can be carried out beyond this simple situation.

Indeed, in the case w = (1,1,...,1), for instance, a highly resonant situation in the standard terminol-
0gy, M is the set of integer vectors « such that a1 + -+ + ag = 0, and the vector w then is certainly
non-resonant outside M since |- w| > 1 whenever o ¢ M in this case.

In the similar spirit, if w = (1,1,v/2), say, M is the set of integer vectors o = (o, o, v3) such that
a1 +as =0 and as = 0, and again w is non-resonant outside M as can be shown by using the fact
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that k1 + kov/2| > y(|k1| + |k2|)™Y (for some ~ and v ) whenever ki + kav/2 # 0, and next setting
ki=o1+ a9 and ky = 3.

These simple observations justify the fact that, generically, any vector w is non-resonant outisde the
associated resonance module M.

Remark 3.3 The second reason for our introduction of the resonance module M is the following. Not only
does our assumption that w is non-resonant outside M allow to analyse the situation for any (generic)
value of w, including w ’s that are resonant in the standard sense, but the very value of M also allows to
read off the effective number of adiabatic invariants associated with the original ODE, as we show below,
and to quantify the various energy exchanges. We refer to Remark 3.6 below.

If the eigenvalues of A satisfy such an assumption, then the limit (3.7) can be identified in terms of
Fourier coefficients of the integrand with indices in M :

Lemma 3.4 Consider a function G of 0 = (01,...,04) € T% and assume that it is analytic in a domain
T + i[—p, p|* where p > 0. Besides, assume that w € R? is non-resonant outside M . Finally, for
a € 74, define @(a) as the « -Fourier coefficient of G .

Then for all 6y € T, we have

: 1 ~ ia-0
lim o [ G(fo+tw) dt = > Gla)e . (3.11)

Proof. It is clear that for all time ¢ > 0,
GO + tw) = Z G(a)ei % 4 Z G(a)ei Oottw),
keM keZd\M
Integrating from ¢ =0 to ¢ =7, and using (3.10), we immediatly get

1 [T ~ - 9 ~

_ _ 10 < 14 .

‘T/o Gl +tw)dt — 3 Gla)e <7 3 lal|Gla)
keM aeZi\M

The analyticity of G guarantees that the G («) ’s are exponentially decreasing with respect to |« , ensuring
the convergence of the series in the right-hand side. This shows the result with a rate of convergence of 1/7 .
|

From a numerical point of view, the identification of the resonance module M is far from obvious in general.
For this reason, we rely on (3.8) rather than a discretization in space.

In the following, we will not address the question of convergence of the exact solution over bounded time
intervals for it is very similar to the single frequency case. We will rather focus on adiabatic invariance and
discretization of the averaged system, since these aspects exhibit significant differences.
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3.1 Hamiltonian and adiabatic invariants

A straightforward calculation shows that || A'/2Z,(t)||> remains invariant along the exact solution of (3.8):
Noticing that

1d

2ds
1 . L

= —i§A(e”SAZQ — e“AZg)

= AS(e 4 2),

d . . L
£%(€_ZSAZ2) — (e—zsAZ2+ezsAZ2)

we indeed obtain (with the notation X = R(Z;))
d\ 12, 12 * A7
&HA Zo||* = 2R(Z5AZ,),
1 [T . ‘
= 2u lim / %(iZ;Al/Qe’SAgQ(X,u?R(e_“AA_l/2Z2))ds),
T—>OOT 0

e : :
=2 lim / S(ue AV Zy) VU (X, pR(e A A2 2,)) ds,
0

T—oo T
o b —isA 4~1/2 =t _
=2 lim — [U(X, uR(e A7) =0,

However, there are additional structural properties in this situation: according to [BGG89], there exist
further adiabatic invariants for (3.1) provided condition (3.10) holds. It turns out that, for (3.8), there exist
corresponding invariants which are linear combination of the oscillatory energies |Z2 j|*.

Theorem 3.5 Assume that U is analytic (compare 2.27) and that w is non-resonant outside M.
Then, for any 3= (B, ...,[Bq) in ML, the quantity

d
I5(Z2) =Y Bjl Za,I
j=1

is invariant along the solution Z(t) = (Z1(t), Z2(t)) of (3.8).

Remark 3.6 In other words, there are adiabatic invariants that are indexed by 3 € M. Due to the specific
structure of the set M, many of them coincide (up to a constant factor), and an appropriate choice of basis
for the set M is to be made, in order to count the effective number of independent adiabatic invariants we
have exhibited here.

Let us give but three examples.

In the case when w = (w1, ...,wq) and the w; s are rationally independent, M = {0} and M+ =
7%, a module that is generated by the d vectors (1,0,...,0), ..., (0,...,0,1). The above Theorem
asserts, in this case, the existence of d adiabatic invariants, namely 110 .o = | Z2.1(t) 2 . I, 01 =
Zoalt)?.

In the case when w = (1,1,...,1), say, M is the set of «’s such that oy + o + -+ ag = 0
so that M= is clearly the set of 3’s such that 31 = o = --- = (4. Therefore, M is generated by
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the vector (1,1,..., ) and the above theorem asserts the existence of one adiabatic invariant: I 1. 1 =
Zoa () +|Zoa (2 + -+ | Zoa®)? = | Z0)]12.

In the case when w = (1,1,\/5), say, M is the set of a’s such that a1 + as = 0, as = 0, so
that M is clearly the set of [3’s such that 31 = (5. Therefore, M™ is generated by the two vectors
(1,1,0) and (0,0,1), and the above theorem asserts the existence of two adiabatic invariants: 1109 =
| Zoa () + | Z21 (1) and Topn = [Z25(t)].

In summary, one sees that the above Theorem asserts, in the general case, that the system possesses as
many adiabatic invariants as w has rationally independent components, and these invariants are indexed
according to the independent components of w .

Proof. System (3.8) is Hamiltonian with potential (K¢)(Z) given by (3.9). The main ingredient of the
proof is again a Fourier expansion of the integrand function
s i UR(Z1), iR(e A 412 25)),
for given (Z1, Z2) . As before , we set X = R(Z;1) and introduce the variables (r,¢) € Ri x T? defined
by
~1/2
R w- Zs.i,
Vi=1,....d { o= nw 2y (3.12)
¢j = Arg(Za;),
and the function A : Ri x T? — R? defined by
A(r,0) = (7"1 cosf,...,rgcos Gd).

We can then write

U(X, pR(e A2 Z3)) = (Ux 0 A)(r, ¢ — sw) (3.13)
where Ux (Z3) = U(X, Z3) . Using (2.27), it is easy to see that the function 6 — (Ux o A)(r,0) is analytic
in a domain containing T% x [—p, p]¢ for some p > 0. Lemma 3.4 hence allows to identify the time average
of function (3.13), so that Hamiltonian (3.9) reads

2 T -
(Ke)(Z1,22) = |S(Z)" +2 ) Ux o A(r,a)e™™?
aeEM
where m(r, «) denotes the « -Fourier coefficient of (Ux o A)(r,0) . The differential equations for
Zo are now of the form, for j =1,...,d,

O(Kc)

Zoy = —i 822,(21,22)
7]
, OUxoA) ar; . —— 0B\ i
- _9 - (U A 7 Xeo)
’a%;( or; azz,j“aj( xe )822)6
-1/2
UXoA ZQ,j —_— Z2‘ ;.
g — _ . A 5J za¢
ZZ( ‘ZQj’ a](UXO )|Zgj‘2>e ’
aeM ’ ’

where we have omitted the arguments (r, a) in the Fourier coefficients. As U is real-valued, we have for
all o € Z% and reRi,

m(r, —a) = m(r, Q).
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Hence,
SEE(Z2,JZ2,J )= -2 Z ;3 ( Ux o A)(r,a)e ia.qﬁ)

aEM

where (M4, M_) is a symmetric partition of M suchthat o € M if and only if (—«) € M_ . Finally,
we obtain

d
d 1 .
(%) = 35 ;ﬂj%(zmzw)
d —_— .
= = Y (X i) s(Uxon)e?) =0,
aeEMy  j=1
as 3 € M= . This shows the result. |

Using the same procedure as in previous sections, we can show the following result (compare Theorem
2.20):

Theorem 3.7 Assume that w is non-resonant outside M. For ¢ € (0,¢¢), let (y?,v9) € C™*4 satisfy
the bounded energy condition (3.4) with E > 0 independent of ¢. Let Z(t) = (Zi1(t), Z2(t)) be the
exact solution of (3.8) with initial values (y?,yY). Assume that Z(t) exists until time T < +oo, and is
uniformly bounded with respect to € € (0,e0) and t € (0,T) (the existence of such a T is guaranteed as
in the one-frequency case). Define the function Y (t) = (Y1(t), Ya(t)) = (Z1(t), e "/ Zy(t)).

Then there exists a constant C > 0 such that for all € € (0, ),

vie (0,7),  [AVY2(0)) = [AV2Y2(0))|? < 2¢E

and

vte (0,7),  |[He(Yi(t),Ya(t)) — He(y, y3)| < Ce,

where Hg¢ denotes the Hamiltonian (3.3). Moreover , we have for any (3 € Mt

Vie (0.T),  Is(Ya(t) = I5(Ya(0)).

3.2 Semi-discrete solution

The specificity of the integrand in the definition of the Hamiltonian K¢ (Z7, Z2) allows to refine Lemma
3.4. Similarly to the proof of Lemma 2.14, we set for 6§ € T*, z; € R™ and 29 € Cce,

h(0, 21, 22) = U1, pR(e” A2 2))

where 6_7;9A_1/22’2 is the vector with components, e‘iefwgl/QZQ,j ,for y=1,...,d. For a € 7% | the
Fourier coefficient

N 1 .
h(a, 1, 20) = / e N0, 1, 29) Ao

(2m)¢ Jpa
can be expanded with respect to 1 € (0,,/gg) as in (2.31). By using the same argument as in the proof of
Lemma 2.14, under the assumption (2.27), we have for bounded x; and z9, and for all o € Vil

|h(a, 21, 22)| < e(Cplz2 ) (3.14)
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where |a| = |a1| + -+ + |ayg| and for some constants ¢ and C' depending on bounds on z; and z and
on U. .

In the following, we define the function £ : [0,1] — R by &£(u) = e “(- and ¢ : [0,1] — R, the
filter function, by ¢ = &/||€]| 1, (0,1) -

Lemma 3.8 Assume that w is non resonant outside M, and that U satisfies (2.27). Assume that B < By
is a given constant.
Then there exist positive constant €y > 0, K, p and C such that for all Ty > 0, p € (0,,/29) and

any given vector Z = (Zy,Zz2) such that ||Z|| < B,
1 [To s
To/ @ (TO> Kc(s, Z1,7Z2) — (Kc)(Z1, Z2)| < Cpul|Z2| eXp(—IiTéD), (3.15)
0

where Kc(s, Z1,Z2) is the time-dependent Hamiltonian (3.6) and (Kc)(Z1, Z2) the averaged Hamiltonian
(3.9).

Proof. The proof of this result relies on a combination of techniques used in [CCC T 05] with estimate
(3.14) on the Fourier coefficient of the integrand defining (K¢) . The fact that Zs is bounded ensures the
convergence of the series, provided ¢ is sufficiently small. |

The next stage in the discretization of (K) consists in approximating the integral (3.15). To this aim, we
take 7y = N§ in the above Lemma, where § is a small parameter. We assume that w is non-resonant
oustside M and we require that § obeys the following non-resonance condition

1— eiéa-w

5| = lel ™ (3.16)

J95, v >0 YaeZN\M, ‘

Note that if w is non-resonant outside M , then for §y > 0, the set of § < g satisfying this condition is
open and dense in (0, dp) . Its measure is of size (58“ for some a > 0 (see for instance [HLWO06, Chap.
XD).

Lemma 3.9 Assume that w is non-resonant outside M, and let § be such that (3.16) holds true. Assume
that U satisfies (2.27) and let B < By be a given constant.

Then there exist positive constants €y, k«, px and Cy such that forall N > 3, pn € (0, \/ET)) and
any given vector Z = (Z1,Z3) such that ||Z| < B

N-1 N§
1 n 1
—_— — | K Z1,29) — — K VAR, < || Z — Kk« INP*), 17
S EZO@(N> c(no, Zy, Zs) N J, c(s,Z1,Z9)ds| < CyplZ2] exp(—k ), (3.17)

where Sy = Zg:_ol o(n/N) and where Kc(s,Z1,Z2) is the time dependent Hamiltonian (3.6) and
(Kc)(Z1, Z3) the averaged Hamiltonian (3.9).

Proof. The proof is very similar to the proof of Theorem 2 in [CCC ™ 05] and is therefore omitted. Note
that in estimate (3.17), the constants depend on § , but are uniformly bounded in ¢ € (0, dp) . ]
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In the following, we consider the solution Z™(t) = (Z(t), Z'(t)) of the system associated with the
discretized Hamiltonian

K¥(21,25) - S Z ( )K(c nd, Z1, 7o), (3.18)

for some ¢§ satifying condition (3.16). Proceeding as in Subsection 3.1, and using similar calculations as
in previous Lemma, we can prove that for a bounded solution Z™V(¢) (i.e. a solution such that there exists
a B < Byanda T < +oo such that |ZV(t)| < B forany t € (0,7)), we have (using the fact that
wj > 0)

d 2
allAl/QZéV(t) < CullAV2ZY (1) exp(—KN*)

for some constants p, C' and «, provided w is non-resonant outside M , and gg is sufficiently small.
From this equation, and provided Z™V(0) = (3?,49) satisfies the bounded energy condition (3.4), we obtain

Vi€ (0,T),  [|AYV2Zy ()] < C(e"? + tuexp(~kN?))
for some constant C' > 0. Eventually,
VO <t < min(exp(eN),T), (1422 (1)) - 4228 (0| < ce.
Under the same assumptions, and using this result, we also have that for all 3 € M+
Y0 < ¢ < min (exp(kN?), T), ‘IB(ZéV(t)) - 15(25(0))‘ < Ce,

with a possibly modified constant C' (which now depends on [3).
Using these observations, we arrive at

Theorem 3.10 Assume w is non-resonant outside M, and let § be such that (3.16) holds true. Suppose
U satisfies (2.27) and let N > 1. Forall ¢ € (0,eq), let ZN(t) = (ZN(t), ZV (t)) be the exact
solution of the Hamiltonian system associated with (3.18) with initial values (y?, yg) satisfying the bounded
energy condition (3.4). Eventually, assume that for some T < +oo, solutions ZN(t) exist and satisfy
1ZN(t)|| < B for a constant B < By independent of ¢ and N, whenever t € (0,T). Define the
functions YN (t) = (ZN(t), e~ /= zN (1))

Then there exist positive constants r, p and C depending on §, U, E and B such that for all
e € (0,e09) and N > 1

V0 <t <min(exp(kN?),T),  [|AYYY ()] - [AY?YN (0)]?]] < Ce,

and

V0 <t <min(exp(kN?),T),  |He(Y{"(1),Y3" (1)) — He(Y{"(0), Y3 (0))] < Ce,

where Hc is the hamiltonian (3.3). Moreover, for all 8 € ML there exist constant K, p and C such
that
VO <t < min(exp(eN?), 1), LoV (1), Y3V (1) — Is(uf, 9)] < Ce.

Proof. The proof combines all previous arguments. The conservation of the Hamiltonian is a consequence
of the conservation of K(]CV and of equations (3.15) and (3.17). [ |
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3.3 Fully discrete solution

Finally, we consider the approximation of the solution Z™¥(¢) of (3.18) by a symplectic integrator @év . For
n > 1, we define the numerical solution Z™V" as the sequence

ZN’O — yO c Cm—‘rd
zZNn = N (zZNnh n > 1.

Proceeding as in the proof of Theorem (2.23) and using similar arguments than before, we can show that
under the assumptions of Theorem 3.10, we have for sufficiently small A < hg (compare (2.42))

¥0 < nh < min(exp(sN?),T),  [|AV2Z)" " = | AV 20| < Ce

for some constants x, p and C' independent of N and h. Combining this estimate with the result given
by the Backward error analysis, we can show the following

Theorem 3.11 Under the hypotheses of Theorem 3.10, we define the approximation YN, n > 0 by the
relation (2.45). Then, for hqg sufficiently small, there exist positive constants k., p, ¢ and C such that for
all € € (0,e0), N >3, and h € (0,hg),

Y0 <nh < min (exp(sN?),T),  |[AV2V0")7 — |42y, Y0)7 | < Ce,
and
V0 < nh < min (exp(ﬁ:Np),eXp (%) ,T> , ‘H@(YQN’n) - HC(YQN’O)‘ <C(e+h")
where 1 is the order of the symplectic integrator, and Hc Hamiltonian (2.4). Moreover, if 3 € ML, there

exist positive constants ., p and C such that

Y0 < nh < min (exp(kN?),T) , |I5(Y5"") — I5(Yy"%)| < Ce.

4 Numerical experiments

4.1 Single-frequency case: the FPU problem

We take over the Fermi-Pasta-Ulam problem (2.13) and solve it with the numerical scheme of section 2.4
(i.e. we solve equations (2.26) for N = 4 with the implicit midpoint rule). For comparison purposes, the
parameter m and the initial conditions considered are taken from [HLWO06], pp. 22. On Figures 1 and 2,
we have plotted (from left to right and from top to bottom) the oscillatory energies I;, j = 1,2,3 and the
Hamiltonian (shifted by a constant value —0.8 ) along the numerical solution obtained for h = &, 2% 37 4=

w)'w?w?w
with w = 50. Note that we have considered here the problem in its original formulation with Hamiltonian

. . . . . . o _ 271' .
Figure 1: Numerical energies for the Fermi-Pasta-Ulam problem: h = £5 (left) and h = =7 (right)

(2.13) and not the “averaged” equations with Hamiltonian (2.14). Several conclusions can be drawn from
this experiment:
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Figure 2: Numerical energies for the Fermi-Pasta-Ulam problem: h = %—g (left) and h = ‘é—g (right)

Figure 3: Deviation of the total oscillatory energy and error of the Hamiltonian for the FPU-problem

o The total oscillatory energy (in red with constant value 1) is almost perfectly conserved, in agreement
with the theory which asserts that symplectic methods preserve quadratic invariants.

e The Hamiltonian of the problem is also very well preserved: it oscillates within a band of width ¢, as
predited by Theorem 2.20.

e The exchange of oscillatory energies between the stiff springs is adequatly reproduced, even for very
large stepsizes. This is remarkably better than some other methods proposed in the litterature (see the
method of Garcia-Archilla et al. [GASSS99] for instance (method (C) page 481 of [HLWO06]).

e There is no resonance for the values of h considered. Figure 3 shows the errors on the Hamiltonian
and the deviation of the total oscillatory energy versus hw for a large spectrum of values (from 0 to
57 ). Though these curves have been carefully computed with a significant number of points ( & is kept
constant equal to 0.2 and w varies), no resonance occurs. This is also in contrast with most existing
methods, where at least one of the too energies explodes for particular values of hm .

4.2 Multi-frequency case: a toy-problem from [HLW06]

We now consider a Hamiltonian of the form

. 1/, a1
) = 5 (10 + 2l + G140l ) + Uar, ). @)
where A = diag(\1, A1, A2, A\3) = diag(1,1,v/2,2) and
1 1
Ulx) = (c+x21+T22+ 223+ 7372,4)4 + gxfa:%l + ix%,

with ¢ = 0.05 and v = 2.5 . Following [BGG89], one can show that the system has the following adiabatic
invariants: the total oscillatory energy It = I} + Is + I3 + I; and the energies I} + Is + Iy and I3 in
accordance with the resonance module (see [HLWO06]). On Fig. 4 we have reproduced the experiment of
[HLWO06] pp. 518-519 with ¢ = 70~ and h = 10e, using the method described in previous section with
T =80 and N = 120. It can be observed that the qualitative behaviour of the exact solution is once again
very well reproduced. For a larger stepsize h = 1, the oscillatory energies are still preserved, although the
energy exchange is not as accuratly reproduced.

5 Conclusion

Both theoretical and experimental results demonstrate that solving the averaged equations with a suitable
one-step method makes sense. More precisely, we have exhibited here a numerical method which is accurate
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0.5 2

Figure 4: Oscillatory energies along the numerical solution of (4.1) for 7= 80, N = 120 and h = 10e (left) and
h =1 (right)

in terms of preservation of the natural adiabatic invariants over long time ; needless to recall, and as usual
in the context of geometric numerical integration, the so-obtained trajectories roughly approximate the true
trajectories to within O(e + h") only, for bounded values of time, where ¢ is the high-frequency parameter
and h is the time step. The resulting numerical technique is both robust and qualitatively correct. However,
one could argue that it is far from efficient: while a Gautschi-type method typically requires one evaluation
of g per step, our method necessitates up to 100 more : this may seem unacceptable. Nevertheless, one
should keep in mind that, on the one hand, these computations can be performed fully in parallel on a multi-
processor machine, and on the other hand, that stepsizes up to 100 larger can be used. In the same spirit,
note that other numerical schemes exist which do not suffer from resonances while almost-preserving the
adiabatic invariants: considering indeed the first two terms of the modulated Fourier expansion (see eq. (3.3)
on page 487 in [HLWO06]), a standard scheme will solve this system without being affected by numerical
resonances. However, such a scheme is difficult to write in the multi-frequency case, and besides, it requires
the computation of the second derivatives of g. ( Note yet that writing a basic first order approximation
remains easy, since the second derivatives of g contain terms which are small and may be neglected in a first
order approach).
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