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Abstract Near-conservation over long times of the actions, of the energy, of the mass
and of the momentum along the numerical solution of the cubic Schrodinger equation
with small initial data is shown. Spectral discretization in space and one-stage expo-
nential integrators in time are used. The proofs use modulated Fourier expansions.
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1 Introduction

We consider the cubic Schrédinger equation with a potential of convolution type

ad
iau:—Au—l—V*u—Hmzu, (1.1
where u = u(x,t) with x € Td = ]Rd/ZnZd and ¢ > 0, in dimension d > 1 with peri-
odic boundary conditions. We will consider small initial data: in appropriate Sobolev
norms, the initial value u(-,0) is bounded by a small parameter . The potential
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V=Vkx)e Lz(Td ) is assumed to be periodic with real Fourier coefficients. It acts
by convolution on the function u. Such equations have been studied for example in
[1,2,12].

It is known that this Hamiltonian partial differential equation possesses the fol-
lowing invariants, that follow from invariances of the equation under certain transfor-
mations, see for example the monograph [25, Sect. 1.2.3]. For H 1_solutions, one has
conservation of the total energy or Hamiltonian

) 1 1
H(u,u):W/:Ed(Wulz—l-(V*u)u—i—§|u|4)dx, (1.2)

where |-| denotes the Euclidean norm. The L?%-norm, density, or mass

- 1 2
m(u,u) = @) /Td|u| dx (1.3)
is also a conserved quantity. Finally, the momentum

Ku,u)=1—— / (uNVu —uVu)dx (1.4)

@n)?
is exactly conserved along the solution of our partial differential equation (1.1). But
this is not all, this equation offers also another interesting geometric property which
will turn out to be useful for our numerical analysis: It is reversible with respect to
the complex conjugation p of the Fourier coefficients,

.0 2
IEP(M) =—(=Apw)+ V*pw) + |pw)| pw))

for a solution u = u(x, t) of (1.1), if p(u) = Zjezd u_jei(j'x) foru = Zjezd ujei(f"‘).
The Fourier coefficients of a function # = u(x) are denoted throughout the paper by
uj, j€ 74,

For the numerical solution of (1.1) we first discretize in space (method of lines)
and then in time. In practice, in the periodic case, the use of a discrete Fourier trans-
form is a favorable choice. We then discretize the resulting system of ordinary dif-
ferential equations with an exponential integrator (Sect. 2). Exponential integrators
are widely used and studied nowadays as witnessed by the recent review [22]. Here
we use the exponential integrators for nonlinear Schrodinger equations introduced
in [7]. An error analysis for exponential integrators of collocation type applied to
Schrodinger equations was given in [10].

In this paper, we study the long-time behavior of the conserved quantities energy
(1.2), mass (1.3) and momentum (1.4) along such a numerical solution of (1.1) by
an exponential integrator. In recent years, there is a growing interest and an ongoing
effort in explaining the long-time behavior of numerical schemes for Hamiltonian
partial differential equations, see [3, 6, 8,9, 11, 13—17, 19]. In the present article, we
show for a class of one-stage exponential integrators that energy, mass and momen-
tum of (1.1) are approximately conserved along the numerical solutions over long
times, see Sect. 3 for a precise statement of the results and numerical experiments.
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One-stage exponential integrators for nonlinear Schrédinger equations 879

A property closely related to the reversibility of the numerical scheme turns out to
be crucial to prove this result. We present numerical experiments that suggest that
this property of the one-stage exponential integrator is not only sufficient but also
necessary to have a good long-time behavior. This property requires a one-stage ex-
ponential integrator to be implicit.

Similar results have been shown in [16, 19] for splitting integrators, which are
widely applied in the numerical integration of Schrédinger equations. This paper is
neither aimed at comparing the (implicit) exponential integrators studied here with
these splitting integrators nor at promoting their use at the expense of splitting inte-
grators. The present paper contributes to the numerical analysis of exponential inte-
grators, and, in a broader sense, tries to identify mechanisms that lead to a good long-
time behavior of numerical integrators for partial differential equations (reversibility,
for instance). Nonetheless we mention that, although implicit exponential integrators
are slightly less efficient in comparison with splitting integrators, cf. [7, Introduc-
tion and Sect. 5.1], they are indeed used for the numerical integration of Schrodinger
equations, see [4, 7, 10].

Similarly as in the aforementioned paper [19] on splitting integrators we start in
Sect. 4 by showing, using a modulated Fourier expansion of the numerical solution,
that the actions

L(u, i) = %|u1|2 (1 ez?) (1.5)
of the linear Schrodinger equation i%u = —Au+ V % u are approximately conserved
along the numerical solution of (1.1) over long times. Note that the actions (1.5)
are also nearly conserved along the exact solution of the nonlinear equation (1.1)
over long times, see [1, 18]. The long-time near-conservation of actions implies the
regularity of the numerical solution over long times and is the key for the proof of the
above mentioned conservation properties in Sect. 4.

2 Discretization of the nonlinear Schrodinger equation

In this section, we discretize (1.1) in space with a spectral collocation scheme and in
time with a one-stage exponential integrator.

2.1 Spectral collocation method for the discretization in space

We start by denoting, for j € Z¢, the frequencies in the nonlinear Schrodinger (1.1)
by
e 1412 L 32 :2 .

with the j-th Fourier coefficient V; € R of the potential V.
A spectral collocation discretization in space with collocation points

xk;=k% forke . =(-M,....M—1}¢
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yields an approximation

uM(x, 1) := Z gr (e *o).
ke

Requiring this ansatz to fulfill (1.1) at our collocation points, one obtains, using
uM (xi, Dre.r = Farm (qr (t)) ke With the d-dimensional discrete Fourier transform
Fopr, the following system of ordinary differential equations

.d _ 2
IEUM(xk, e = Fam 2 Fyypu™ (v, e + (|u™ (e, 0 7u™ (i, 0) oy

where 2 = diag((wg)ke ) is a diagonal matrix with frequencies wy, k € .Z . Or in
terms of the approximation u™ (x, ) one gets

%MM — LM 4 £ (™) 2.2)
with
L=iA—iV* and f(u)=—i2(lul’u). (2.3)

Here 2 denotes the trigonometric interpolation
,@( )3 ujeiw) -3 ( )3 uz)ei(j"‘),
jezd JeM “teZd:4=j mod 2M

and this is defined in such a way that 2(u)(xg) = u(xg) for all k € .#. The initial
value is then given by

uM(-,0) = 2(u(-, 0).

We note that the above semi-discretized system is a finite dimensional complex
Hamiltonian system with Hamiltonian

S 1 — 1
Hy (u™, uM) = 2(2—71)‘1/qu <|V“M|2+ (VM + EQ(|“M|4)) dx.

We now discretize (2.2) with the above initial value in time.
2.2 Exponential integrators for the discretization in time
Exponential integrators, as their name suggests, use the exponential function of the

Jacobian (or an approximation to it) inside the numerical scheme. They are particu-
larly efficient for problems of the form, see (2.2)—(2.3),

d
Eu =Lu+ f(u),

where u = u(t), L is typically a linear unbounded differential operator, alternatively
one can think of L as a matrix arising from a space discretization of such an operator
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and thus bounded for a fixed spatial resolution, but with a large norm. The map f is
nonlinear but we assume that the size of f(«) is small compared to L. For a survey
of these methods see for instance [21, 24] and more recently the review [22] and
references therein.

The schemes we consider here can all be cast in the form

N
F, :f(eC’hLuo—i—hZarj(hL)Fj), r=1,...,s

j=1
! (2.4)
s
u' =" u®+nY b (hL)F,.

r=1

We use upper indices for denoting time steps with step-size 4. The involved functions
arj(z) and b, (z) are complex functions that are used to define and to compute a,; (hL)
and b, (hL) in terms of the spectral decomposition of the matrix describing L, i.e.,
arj(hL) = FzMa,j(—ihQ)F;A,} and accordingly for b,. They are often real entire or
at least real analytic in a domain of the complex plane which includes the spectrum
of hL for all h of interest. Such schemes have been applied to nonlinear Schrodinger
equations in [7] and [5] for example. In applying them to this equation, it is of impor-
tance to choose functions a,;(z) and b, (z) which are bounded on the imaginary axis,
a property which is rather common among popular exponential integrators.

In our numerical analysis, we will only consider one-stage exponential integrators
(s =1) for (2.2)-(2.3)

U=e"lu® + ha(hL) f(U),
(2.5)
u' =e"ul + hb(hL) f (U).

We will focus on two important geometric properties: symmetry and reversibility
which we recall now.

Definition 2.1 (Symmetry, [20, Chap. V]) A numerical one-step method y! =
@5, (y0) is called symmetric if it satisfies

Dpo®_,=id orequivalently &, = q):,l.

Definition 2.2 (Reversibility, [20, Chap. V]) Let p be an invertible linear transforma-
tion in the phase space of % y = g(v). This differential equation is called p-reversible
if pog=—gop, implying po g, = <p[1 o p for the exact flow ¢;. A numerical one-
step method y!' = @;,(y°) is called p-reversible if

po@bh:cbh_lop.

Our nonlinear Schrodinger equation (1.1) and also its semi-discretization in space
(2.2) are p-reversible for the complex conjugation of Fourier coefficients, p(u) =
> jujeV* foru =73, u;e" (note that (1.1) is in general not reversible for the com-
plex conjugation of a function itself because of the convolution with V). In the fol-
lowing we will always study reversibility with respect to this complex conjugation.
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For the one-stage numerical schemes (2.5) considered here, we obtain the follow-
ing results.

Lemma 2.1 (Symmetry of exponential integrators, [7]) A consistent one-stage expo-
nential integrator (2.5) is symmetric if and only if

c=a(0)= % and b(z) =e*(a(z) +a(~2)) forallz€iR.  (2.6)

This shows in particular that symmetric exponential integrators as considered here
are implicit.

Lemma 2.2 (Reversibility of exponential integrators) A consistent one-stage expo-
nential integrator (2.5) is reversible if and only if

1
¢ =Re(a(0)) = 5 and b(z) =2e"*Re(a(z)) forallzeiR.  (2.7)
Proof Let us first compute v = p o @;,(u”). From the definition of the exponential
integrator, we have
v=e"p(u’) = hb(hL)* f (p (1)),
U=e"u® + ha(hL) f(U)

with the adjoint matrix b(hL)*. For the second term w = D, Lo p(uo) in the def-
inition of reversibility, we get p(u®) = eLw + hb(hL) f(U) with U = e"Lw +
ha(hL) f(U). We thus obtain

w=e""(p(u’) — hb(hL) f (U)),
U =e“ D (p(u®) — hb(hL) f(U)) + ha(hL) f (U).

Comparing the two equations for v and w, the result follows. O

We also note, that the conditions of symmetry (2.6) and reversibility (2.7) are
equivalent if a(z) = a(z) for all z € iR. Let us now illustrate these properties with
some examples.

Example 2.1 (Symmetric Lawson method, [7, 23]) The symmetric one-stage Lawson
method is an exponential integrator (2.5) with coefficients

1
a(2)=3, b(z)=e*?,  c=

N =

It is symmetric and reversible.

Example 2.2 The method with coefficients

1 e 1
a(z) = zb(z/2), b(z) = , c=
2 z
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One-stage exponential integrators for nonlinear Schrédinger equations 883

is also symmetric and reversible.

Example 2.3 The exponential method (2.5) with coefficients

1 et —1
a(z) =z, b(z) = , c=
2 Z

is neither symmetric nor reversible.

However, if a(z) # a(z) for some z € iR, then reversible methods are not symmet-
ric and symmetric methods are not reversible.

Example 2.4 The method with coefficients

1 e2—1-4% 1
a@ =5 +i———> b =2"Re(a@). c=3
Z

is reversible but not symmetric.

Example 2.5 The method with coefficients

1 er—1-%
a(z)=§+if2, b(z) =e*(a(x) +a(-z2)), c==

is symmetric but not reversible.

3 Main result and numerical experiments

We now formulate our main result on the long-time behavior of exponential integra-
tors.

3.1 Assumptions on the exponential integrator (2.5)

We start this section by collecting the assumptions on the exponential integrator (2.5)
we need to prove long-time near-conservation properties of the numerical solution.
Our main assumption on the exponential integrator is that its coefficient functions
a(z) and b(z) are linked in the following way:

b(z) =2e""%Re(a(z)) forall z €iR. (3.1a)

If in addition ¢ = Re(a(0)) = %, this is equivalent to the condition of reversibility
(2.7). In particular, all reversible methods (2.7) satisfy this condition. Also many
symmetric methods (2.6) satisfy (3.1a), namely those that are reversible, i.e., those
with a(Z) = a(z) for all z € iR. But there are methods that satisfy (3.1a) which are
neither symmetric nor reversible.
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884 D. Cohen, L. Gauckler

Example 3.1 The exponential method (2.5) with coefficients

1 2
a(z) = > b(z) =3, c=3

satisfies (3.1a) but is neither symmetric nor reversible.

Besides condition (3.1a) we need, as mentioned in Sect. 2, that the function a is
bounded on the imaginary axis,

la(z)| <C; forz €iR. (3.1b)
Moreover, we assume that
b(hL) is invertible. 3.1¢)

We do not hesitate to impose this assumption because it is typically less restrictive
than the non-resonance condition on the frequencies w; that we will introduce in
the following section. For the methods of Examples 2.1 and 3.1 the condition (3.1c)
is trivially satisfied, and for the methods of Example 2.4 and 2.5 it is not difficult
to verify this condition for positive frequencies w;, the eigenvalues of L. For the
methods of Examples 2.2 and 2.3 condition (3.1c) amounts to a restriction on the
time step-size /: One has to avoid time step-sizes that are integer multiples of 27 /w
for some frequency w;. For comparison the non-resonance condition, that we will
impose, requires that the time step-size & is not close to an integer multiple of 2
divided by many linear combinations of frequencies. We mention, however, that the
method of Example 2.2 behaves in numerical experiments very well also for resonant
time step-sizes that are not small and for time step-sizes that do not satisfy (3.1c).
This may be due to the fact that the functions a and b decay for large frequencies and
therefore act as filter functions.

The invertibility condition (3.1c) can be used to rewrite the exponential integrator
(2.5). We solve the first equation of (2.5) for f(U) and then plug it in the second one
to obtain

U=e"u® +athL)b(hL)" (u" — e u?).
This yields
u' =e"u® +nb(hL) f (e u’ + ahL)b(hL) ' (u' — e u®)).  (3.2)

In the following we will work with one-stage exponential integrators in this compact
form.

3.2 Long-time near-conservation of actions, energy, mass and momentum
Let N > 1 be an arbitrary fixed integer. Our main result states near-conservation

properties over long times 0 <t < ¢~V of the numerical solutions of the cubic
Schrodinger equation (1.1) with small initial data:

|u’], <e <1 3.3)
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with the Sobolev norm

2. y 2
lull = > oo |l 1%,

jezd

where we recall that u; denotes the j-th Fourier coefficient of a function u on T
and that w; denotes the j-th frequency (2.1). In this definition, a zero frequency is
replaced by 1. This is also tacitly assumed in the following whenever the absolute
value of a frequency appears.

Moreover, we need a non-resonance condition on the frequencies that we intro-
duce now. Recall that .# = {—M,...,M — l}d denotes the set of indices whose cor-
responding Fourier coefficients are used for the discretization in space, see Sect. 2.1.
We denote by k = (k;);c_x a finite sequence of integers, by @ = (w;);c_x the finite
sequence of frequencies and by mod 2M the entry-wise reduction modulo 2M with
representative chosen in .# . The non-resonance condition controls near-resonances
among the frequencies, where the difference of a linear combination of frequencies

k-w:= Y ko withsmall k[ := ) [k|
let le.

and the frequency

wjay  with j(K):= Y kil mod 2M € .4, (3.4)
led

is close to an integer multiple of 2/ h. We recall that /4 is the step-size of our nu-
merical integrator. More precisely, we require for near-resonant indices (j, K) in the
set

o —k 1
R =K 1 j=jK),K# (j), [ 5O 1| <eTn, k| <2N +2},

where (j) = (81);cz¢ With Kronecker’s delta, that

d+1

lw;j*™ 2

P ﬂ>|k||

IKIHT < 2N +4 3.5)
(ReZe mi |08~ 2

with a constant C¢ independent of ¢. Here,

w’ Kl = 1_[ lwg|° il for o € R.
led

This non-resonance condition is very similar to the one used for splitting integrators
[19, Sect. 4]. As discussed in [19, Appendix] it reduces in the limit # — 0 to a con-
dition that is satisfied for almost all choices of the potential V and a time step-size
restriction allows to exclude numerical resonances. Moreover, it is fulfilled for all
step-sizes in a dense set under a restriction on the parameter M of the discretization
in space in terms of ¢, see [19, Appendix].

We are now able to state the main result of this paper, whose proof will be given
in Sect. 4.

@ Springer
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Theorem 3.1 For given N > 1 and s > d + 1 there exists &y > 0 such that the fol-
lowing holds: Under the conditions (3.1a)—(3.1c) on the exponential integrator, the
condition of small initial data (3.3) with ¢ < gy and the non-resonance condition
(3.5), the estimates

n Ty 0,0
Z|wz|*‘”’(” Sty — I, u?)| <Ce,

2
le €
n oy _ 0,0 n oy _ 0.0
[H@", u") — Hu", u")] <Cé [Hy (u", u™) — Hy (u”, u)| <Cél
&2 - &2 -
noTmy 0.0 d noTmy 0.0
[mu", u) —m@u”, u®)| <C8%’ Z |Ky(u", u) — Ky (u”, u”)] <Cel
g2 - g2 -

1

r

hold for the numerical solution u" described in Sect. 2 with time step-size h <1 over
long times

0<t,=nh<e VN

with a constant C which depends on Cy from the non-resonance condition (3.5), C
from assumption (3.1b), the dimension d, N, s and the norm of the potential V but is
independent of n, the size of the initial value & and the discretization parameters M
and h.

3.3 Numerical experiments

We conclude this section with some numerical experiments in order to illustrate The-
orem 3.1. We use data as in the experiments of [19]. The initial value u (-, 0) is chosen
as(d=1)

X 3 X 2 X 3 X 3
u(x,O):O.l-(——l) (—+1> +i-0.1~<——1) <—+1> ,
T T T T

and the potential V is chosen such that

wj=\/1jl*+7;,

where rj = 0.5 for j >0 and r; =0.8 for j <0. We use 2M = 28 collocation points
for the discretization in space, and we use a time step 7 = 0.1 with different expo-
nential integrators. For the solution of the nonlinear equations defining U in (2.5) we
apply the standard fixed point iteration to the nonlinear equation as described in [7,
Sect. 5.1]. To be on the safe side, we use 15 iterations although the convergence is
much faster, in particular due to the small nonlinearity (cf. the analysis of the nonlin-
ear equation in Sect. 4.7). For the role of rounding errors in a long-time integration
and a possible way to reduce them we refer to [20, VIIL.5].

In Fig. 1 we plot some of the actions, the discrete energy Hy,, the mass m and the
momentum K for the symmetric and reversible Lawson method from Example 2.1.
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Fig. 1 Actions (black lines), discrete energy (middle bold grey line), mass (upper bold grey line) and
momentum (lower bold grey line) for the method from Example 2.1. The methods from Example 2.2,
Example 2.4 and Example 3.1 show the same behavior

This method satisfies the main assumption (3.1a) on the exponential integrator. As ex-
plained by Theorem 3.1, the plotted quantities are nearly conserved on a long time in-
terval of length 10%. We observe the same behavior for the other methods that satisfy
the main assumption (3.1a), the symmetric and reversible method from Example 2.2,
the reversible but non-symmetric method from Example 2.4 and the non-reversible
and non-symmetric method from Example 3.1.

We repeat the experiment in Fig. 2 using methods that do not satisfy the main
assumption (3.1a): The non-symmetric and non-reversible method from Example 2.3
and the symmetric but non-reversible method from Example 2.5. For these methods,
the actions are no longer nearly conserved on long time intervals.

4 Modulated Fourier expansions and proof of the main result

In this section we prove Theorem 3.1 on the long-time near-conservation of actions
(1.5), energy (1.2), mass (1.3) and momentum (1.4) along the numerical solution.
Throughout this section we work under the assumptions of this theorem.

The proof relies on a careful study of a modulated Fourier expansion in time of
the numerical solution (3.2),

a(x, 1) = Z K(x, er)e ik = Z Zzl;(st)ei(j‘x)e_i(k'w)t. (4.1a)

Ikl<K IKll<K je.#

We require this modulated Fourier expansion to describe at time ¢, = nh the numer-
ical solution u” after n time steps. The modulation functions z¥ evolve on a slow
time-scale T = ¢t. It turns out that we can assume these functions to be single spatial
waves,

Zk(x, er) = z']?(k)(et)ei(j(k)'X), (4.1b)
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Fig. 2 Actions (black lines), discrete energy (middle bold grey line), mass (upper bold grey line) and
momentum (lower bold grey line) for the methods from Example 2.3 (first subfigure) and Example 2.5
(second subfigure)

i.e., their Fourier coefficients zX vanish for j # j (k) with j(k) as introduced as in
(3.4). The outline of the proof is as follows.

In Sect. 4.1 we derive a system of equations for the modulation functions.

In Sect. 4.2 we show the existence of invariants for this system of equations.
Then we construct an approximate solution of this system in Sect. 4.3.

We study the size of the constructed modulation functions in Sect. 4.5 using a
rescaling of these functions introduced in Sect. 4.4,

and we study the defect for the approximate solution in the modulation system in
Sect. 4.6.

Then we control the size of the numerical solution and the difference of the numer-
ical solution and its modulated Fourier expansion in Sects. 4.7 and 4.8.

We study the invariants of the modulation system along the approximate solution
of this system and establish their relationship with the actions in Sect. 4.9.
Finally, we extend the previous results, that are valid only on a short time interval
of length ¢!, to a long time interval in Sects. 4.10 and 4.11.

This is the standard approach to study the long-time behavior of numerical solu-

tions of Hamiltonian partial differential equations using modulated Fourier expan-
sions [8, 17]. The proof of Theorem 3.1 presented here closely follows the one given
in [19] for splitting integrators applied to (1.1). We refer the reader to that article,
whenever arguments are very similar or identical, but try to present however the main
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line of arguments. A major difference compared to the corresponding proof for split-
ting integrators [19] is that the modulation system for the exponential integrators
studied here directly provides invariants. In contrast to that, one has to consider an
auxiliary modulation system in the case of splitting integrators. Differences in the
analysis of the modulation system further arise due to the implicitness of the consid-
ered exponential integrators.

4.1 The modulation system

We insert the modulated Fourier expansion (4.1a), (4.1b) in the numerical scheme
(3.2) and require that the numerical solution u” defined by (3.2) is described by the
modulated Fourier expansion i (x, ;) at time , = nh. Comparing the coefficients of
ek this yields the following system of equations for the modulation functions

k .
Ljm)
eI k@h K (et + h)) = e K (er) — ihb(—iwjh)

k! K2 K3
x Y Wy (ENWK o (eDWS 5 (e1) (422)
K +k2—k3=k

for j = j(k) (note that j(k) = j(k!) + j(k*) — j(k*) mod 2M if k = k! + k*> —
k3). Here and in the following, we assume that ||k|| < K := 2N + 2 unless stated
otherwise. The functions w;‘ in the nonlinearity take the form

a(—iw;jh)

k —iwich k
“(et) = Jj ‘(et —~
u)j(e) e zj(e)—i—b( )

(e—i(kw)hzljg(g(t +h)) — e*iwjhzljf(gt)) (4.2b)

for j = j (k). The initial condition further yields

=3 K0, (4.20)
k

The system of equations (4.2a)—(4.2c) for the coefficients of the modulated Fourier
expansion is called the modulation system.

4.2 Invariants of the modulation system

A remarkable property of the modulation system (4.2a)—(4.2c) is the presence of
many conserved quantities or invariants provided that the exponential integrator sat-
isfies condition (3.1a). These invariants, that we derive next, form the cornerstone for
the study of long time intervals.
Let
1 2 3 4
= Y Wi e W) (4.3)
k! +k2—k3—k4=0

with w = (w®)k, be the extended potential. We have for real sequences p
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d )
0=l w(@*PPur),)
do |g—o
_ e k k! K? K3
= 4hRe<Zl(k /L)wj(k) Z wj(kl)wj(kz)wj(lé))'
k k!l k2 —k3=k

Using the modulation system (3.1a) we get for w = w(et) as defined in (4.2b)

4k-p) T Like)h k —iwjgoh k
OZR6<2k:b(Tj(k)h)wf(k)(8t)(e 2 (e + 1)) —eTIWRZE () ).

4.4
Under the main condition (3.1a) on the exponential integrator we have

w(er) = (a(—iw;h)e " ® Kot + h)) + a(—iw;h)e " K (er))

b(—iw,h)

for j = j(k), and (4.4) simplifies to

(k- p) 2 2
0= Xk: m(’z?(m(w +m)[" = [zja En])-

Choosing u = 1 Re(a(—iwh))(l) for I € Z, this shows that

1 Re(a(—iwih)) | 2
=3 ;kl Re(a(—iw;ah)) ol @

is conserved along a solution z of the modulation system (4.2a)—(4.2¢) from one time
step to another. Recalling the conditions (3.1a) and (3.1b) on the coefficients of the
numerical scheme, we will see in Lemma 4.1 that these quantities are well defined.
These invariants are the same as for splitting integrators derived in [19, Sect. 6.1]
except for the fraction Re(a(—iw;h))/Re(a(—iw;jx)h)). Note, however, that our in-
variants (4.5) are invariants of the modulation system itself and not of an auxiliary
modulation system as in [19, Sect. 6].

4.3 Tterative solution of the modulation system

In this subsection we introduce an iterative procedure that we use to compute an
approximate solution of the modulation system (4.2a)—(4.2¢) in the same way as in
[19, Sect. 5.3]. The modulation system here takes the form

T ) k K
(1—e '@ k“’)h)zl;(et) + 8th;(8t) = A(z(et))j(k) + N(w(et))j(k), (4.62)
k _ —iw;ch_k a(—iwjh) —i(k-w)h
wj(er) =e i zii(st)—i-me @
x (1= et ko) o) — B(aen)| ) (4.6b)

for j = j(k), where the dot on z¥ stands for the derivative with respect to the slow
time 7 = ¢t, and where we use the differential operators
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oo o0

Ll gl Il gl
kK ght d kK ght d
A@ ==Y - 7dm ad B@jg == —--5%u
1=2 =1

and the nonlinearity
| ST * i(k-w)h k! K2 K3
NwW)K ) = —ihb(—iwjgh)e > Wy 52y W -
k! +k2—k3=k

For the iterative solution of the modulation system we distinguish modulation
functions corresponding to near-resonant indices (j,K) € % mp or large indices
k]| > K = 2N + 2, “diagonal” modulation functions with indices (j, (j)), and the
remaining modulation functions with indices in the set

Femn =08 j=j®),k# (j), (G, K) & Ze.mn Kl < K}
We start by setting
j 0 0 .
V@] =u) and [ @] =0 fork#(jk)
for 0 < et =t < 1. We iterate, motivated by (4.6a), by

n 1 n
[5D)] o W[B(Z(T))l; +N(W(f))l;]

for (j,k) € S m.n and 0 < et = 1 <1 with w defined as in (4.6b). The notation
[-]* means that the n-th iterates of the modulation functions within the brackets are
taken. For k = (j) the first term in (4.6a) cancels, and we define z;/ ) as solution of
the differential equation

[V @] =" [A @)Y + N(w(o) "
with initial value

[Z§j>(0)]n+l _ u? _ |: Z Z?(O)i|

k#(j)

by (4.2c). For near-resonant indices (j, k) € %,y or for large k with |k|| > K we
setforO<er=1<1

(@] =o0.

With this iterative construction, the iterated modulation functions [zlj?]" are poly-
nomials in 7 of degree bounded in terms of the number of iterations 7.

4.4 Rescaling the modulation functions

In order to take into account the powers of ¢ that accumulate in the modulation func-
tions, we now rescale and split these functions as in [19, Sect. 5.4]. Let

1 .
(g = | MG UKD+ D.2), ke ),
sUkI+1) =1, k= (j)
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and

2k = el gk y GlIkllk

with diagonal entries a}? and off-diagonal entries b;‘, ie., a;‘ # 0 only for k = () and
b;? # 0 only for k # (j). We write
(K (ki) _ (kY _ (pk i)
a=(a") = (afge ™), and b= (bY), = (Bfge V),
and set additionally u = )k with
K = gkl

— oKl k- aij(K)x
wk=¢ W31 .

We further define F(u)'; = ¢~ max(IkIL2N(w) and

(1 - e—l(w/_kﬁ))h)c‘l/(’ (J7 k) € ty&‘,/\/l,}’h

1
efhc;?, else.

Qo) = {
In the rescaled variables the iteration from the previous Sect. 4.3 becomes
[ =[(27'B®) ] + [(27'Fw) 1" for (k) € S mn,
[a§]>]n+1 — 8_1h_1 [A(a)§]>]n + h—l [F(u)y)]n’

n
j 1 — _
[aﬁ”(O)]nJr =¢ lu(])- — |: Z gllkll 1bl;(O)i|
k#(j)

with [uk]” = g [IKl] [w 1" defined by (4.6b).
We also use a second rescaling of the variables,

P L [ A

R 25—d—1
b K _ |2t K[ K

and uj =

With l:“(ﬁ)lj? = |a)2s7§H Ikl . F(u)lj? the iteration for b becomes
A 1 T N “1goank .
(X" =[(27'B®);]" + [(27"F@);]" for (j.k) € S mn-
4.5 Size of the iterated modulation functions

In order to control the size of the iterated modulation functions we use the norm
2\ 3
— S k
llzlll, = (Zw (Z|z,- |> ) :
J k

Note that we do not only need to control the modulation functions themselves but also
products of the modulation functions with a(—iw;h)/b(—iw;h), see the definition of
w;‘ in (4.6b). Fortunately, this is not needed for the diagonal modulation functions
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collected in a but only for their derivatives and the off-diagonal modulation functions
collected in b including all their derivatives. Since a(—iw;h) is bounded by (3.1b),
we therefore set

1 k k
)/jzmax<l,m> and (Fc)jZ)/]Cj,
and we study I'b and I'a instead of b and a.

Lemma 4.1 We have for 0 <t =¢t <1
Il e Jlra@@]l,=ce fore=1,
Ire® 1", < Cs? fort>0,

for all n with a constant C depending only on Co, C1,d, n, s and the norm of V.. The
same estimates hold for a and b instead of a and b if we replace || - ||l by |l - |l a1 -

In particular, it follows that the modulated Fourier expansion of the numerical
scheme u is small
Jac.nl, = ce

and that its coefficients z are also small

. 2
> e[V < ce? and Z'wﬂS(Z ]z';|> < Cé%.
KZ(j)

jeH jeA
Proof Initially, we have for 0 <t <1

Il <1 lra®@l’l,=0 fore=1.

I[rb©@)]°)|, =0 fore =0,

and the same estimates hold for 4 and b if we replace ||| - ||l by || - [l a1 -

The bounds for the iterated modulation functions are obtained as in [19, Sect. 5.6]
by analyzing the iteration using

— the non-resonance condition (3.5) to control 2!,

— the fact that A (a) contains only derivatives of a to estimate I'A (a) in the same way
as I'B(b) inductively,

— the factor b(—iw;h) in front of the nonlinearity to estimate I'F(u) in ||| - ||l by
Ceh |||u|||g using [18, Lemma 2] and the bound (3.1b) together with the condition
(3.1a),

— the bound [[u]ll, < [la +b|ll; + C maxe=1 [[Fa®]ll; + C maxeso [|TDOl

— and the fact that the modulation functions are polynomials in t of degree bounded
in terms of the number of iterations n.

The same arguments also yield estimates for a and b in the norm - Nl da - O
2
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4.6 Defect of the iterated modulation functions

The defect in the modulation system (4.6a), (4.2¢) after n iterations is

[df]" =[(1 —e @i kM) Xt ehzh — A@Y — Nw)K]",

@) =it - | o]
k

In contrast to [19, Sect. 5.7], we have here no defect resulting from a truncation of a
Taylor expansion. We decompose the defect as

4.7

[#Y=M+ﬁ+£+%r

with [ek]” =0 for (j, k) &€ S m.h, [hk]” =0 for K# (j fk]” = 0 for non-near-

resonant indices (j, K) & %e m.» and [g}‘]" =0 for ||K|| < K. The defect can be esti-
mated as follows.

Lemma 4.2 We have for 0 <t <1

Itreo]"ll, = ce¥ = l[rs@]"[l, = ce*h,
e}l <cesn Irh@]ll, <ceFn. a0, <ce™

for all n with a constant C depending only on Co,AC1, d, N, n, s and the norm of
the potential V. The same estimates hold for € and h instead of e and h if we replace
I Mlls By I Ml g

Proof The estimate of the defect f in the near-resonant indices is obtained as in [18,
Sect. 3.7] and [19, Sect. 5.7] using the non-resonance condition (3.5) and in addition
the bound (3.1b). Also the defect g can be estimated as there using that ||Kk|| > K
implies [[k]] > J(K +2) =N +2.

The diagonal part h and the off-diagonal part e of the defect take the form

[4]" =M ([2bk]" — [c2pt]"™),
[A]" = &3 ([(Ra)k]" - [(2a)4]"").

Using a Lipschitz estimate [18, Lemma 2] for the nonlinearity in the modulation
system, we get as in [19, Sect. 5.7] by an analysis of the iteration

n +4

Ih@]' |l <ce®h, @@, <ceFh fore>1,

|||[Fe(l)(r)]n|||s < ceSh fore >0,
for 0 < t < 1, and the same estimates also for a and bif we replace ||| - ||l by Il - |ll ag .
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Also the defect for the initial condition d can be estimated as in [19, Sect. 5.7]:
Ildo1"ll, = |2~ [e@]" ||, = ce72eF".
This concludes the proof of the lemma. d

4.7 The numerical solution on short time intervals

We study the size of the numerical solution #” on a short time interval of length ¢ 1.
Its control uses fixed point arguments since the considered exponential integrators
(3.2) are implicit schemes.

Lemma 4.3 We have for 0 <t, =nh < gl
Ju"]; =2¢
for ¢ sufficiently small compared to C1, d, s and the norm of the potential V .
Proof We show by induction on n that
|u"|, <e+27Cnhe® for0<nh<e', (4.8)

and we let ¢ be sufficiently small compared to C such that (4.8) implies |[u" || < 2e.
Here, C is a constant depending only on C1, d, s and the norm of V such that

lathLy2W VW) + |b(L)2WVW)|, < CIUIIVISIWIs. 4.9)
which exists by [18, Lemmas 1 and 4]. Note that f(U) = —i2(|U|*U) is the nonlin-
earity defined in (2.3).

For n = 0 the estimate (4.8) is trivial. For n > 0 we have by (4.9) and the definition
of the integrator

Jull, < Ju" =N, +nlbtr) (U], < [u=t |, + o T @10y
with a fixed point U"~! of
g: U ey 1 4 ha(hL) f(U).

For 0 < nh < ¢! this function g maps by (4.9) the ball {U : ||U||; < 3e} to itself
since ||u”"~!||; < 2¢ by induction. Moreover, using the fact that

\UIPU — 0120 = UPU — 0)+ U0 — 0) + 02U - 0)
and the form of our nonlinearity, see (2.3), we obtain from (4.9) that

latL)(f W) = F@)|, <3Cmax(1UIly, 1T15)*1U = Tlls. (4.11)
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This shows that the map g has for sufficiently small ¢ in the norm ||-||; on the ball {U :
|IU|ls <3¢} a Lipschitz constant smaller than one. The Banach fixed point theorem
then ensures

Jon=t, =3
for the fixed point U"~! of g, and finally the induction hypothesis applied to (4.10)
yields (4.8). O

4.8 The modulated Fourier expansion and the numerical solution

In this subsection we study the error u” — i (-, t,,) of the modulated Fourier expansion

i, 0) = 3 [2fagen)] e e,
k

where the iterated modulation functions z¥ = [zk]L after L := 2N + 2 iterations re-
place the exact solution of the modulation system that is not available. By a slight
abuse of notation, we omit the index L in the following, keeping in mind that the
modulation system is then satisfied only up to a small defect. We show that the mod-
ulated Fourier expansion (-, t,) describes the numerical solution u” up to a very
small error on a short time interval of length e~!'. Again, as in the previous subsec-
tion, we employ fixed point arguments in contrast to the direct arguments used in [19,
Sect. 5.8].

Proposition 4.1 We have for 0 <t, =nh < gl

Ju" =i, = ceM*2

for ¢ sufficiently small compared to Cy, C1,d, N, s and the norm of V with a constant
C depending only on Cy, C1,d, N, s and the norm of V.

Proof Let

Ux,t)= Z w;‘(k) (et)e k@) il )-x)
IN
Then, by definition of the modulation system (4.2a)—(4.2c) and with (4.7), we obtain

(1) = e"Fii(, ty_1) + hb(AL) £ (U (-, ty—1)) + 8 C, ta—1)

with the defect

§(x,1) = Zd}‘(k) (e1)e~ 1K@+ 6i(jK)-x)
k

Note that for 0 <t < g~! by Lemma 4.2
[8¢. 0 = cen

with a constant C depending only on Co, C1, d, N, s and the norm of the potential V.
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(a) We first examine the difference U"~! — U (-, t,_1) with the solution U"~! of
the nonlinear equation in the numerical method for computing u" (see the proof of
Lemma 4.3). Note that U (-, t,—1) is by (4.2a)—(4.2¢) and (4.7) a fixed point of

g:U > e, 1) + ha(hL) f(O) + ahL)b(RL) ' 8(:, ty—1)

and by Lemma 4.2
lathL)b(hL) '8, 0)|, < CeVF3h.

Recall from the proof of Lemma 4.3 that the fixed point iteration [U] =
g((UTIY), [U]° = echlyn! converges in the norm ||-[|s to yr1 and is bounded
in this norm by 3e. We study [U) — U with U =U(-, t,—1). Since |U||s < Ce by
Lemma 4.1, we get with (4.9) and the estimate of the defect

U =0, = e u"" —g@)|, < |u"~" —aC.ta=p) |, + C&’h + Ce¥Th,

For [ > 0 we use (4.11) to obtain

w1 =0, = |e(u1) —g@],
< |u" ' =it )|, + CeR|UTT =T, + CeN P

with a constant C independent of /. A recursion on / and the above result for / =0
now yields

i
Wy =0, < (Ju"" = aC.te-p], +CeV30) Y (Ce?h)’ + Ce3n(Cen).
j=0
For | — oo and Ce?h < % one then obtains

U=t =T )|, <2u"" =G tan)| +2CeN . 4.12)

(b) Finally, we consider u” — (-, t,,). For n > 0 we have using (4.11) with b(hL)
instead of a(hL)

|u =it |, < |Ju"™" =G, )|, + CEPR| U = T )|, + Ce¥ 0
Together with (4.12) we get by induction on n
Ju" = a@c )], < (1+2Ceh)" (CeNnh + |u® — i, 0)],).
This yields the desired result if ¢ is sufficiently small since
|~ 0, < |AO]'], < ce¥+?

by Lemma 4.2 with the defect d in the initial condition. O
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4.9 Almost invariants close to the actions

Let z]; = [z];]l‘ be the iterated modulation functions after L = 2N + 2 iterations as in
the previous subsection. These modulation functions satisfy the modulation system
(4.2a)—(4.2c) only up to a defect d}‘ = [d}‘]L studied in Lemma 4.2. Of course, the
formal invariants .#(z) of the modulation system introduced in (4.5) are then no
longer exact invariants, but they turn out to be almost invariants.

Proposition 4.2 We have for 0 <t, =nh < g1

Z i *] A1 (2(etn)) — F1(2(0))] < CeN T3
let

for € sufficiently small compared to Cy, C1, d, N, s and the norm of the potential V
with a constant C depending only on Cy, C1,d, N, s and the norm of V.

Proof Repeating the calculation for the derivation of the invariants of the modulation
system in Sect. 4.2 we get

nReta(loh)) a0 )
b(—iw;jaoh) w3 (e0)dj (e1) .

Fi(2(st+h))) = Fi(z(er)) —i—Re(Z e k)
k

Lemma 3 from [18] (with the adaption to the spatially discrete setting in [18,

Sect. 6.2]) together with the bound (3.1b) for a(z) then tells us that

> lonl*| i (z(etnsn) = F(aetn)| < CIWlagr T8+ Thijaga
le

with a constant C depending only on d, N, s and the norm of V. Using the estimates
from Lemma 4.1 on the size of the iterated modulation functions and from Lemma 4.2
on the defect of these functions, we get the statement of the proposition by summing
up. g

We can show as in [18, Proposition 6] using in addition the bound (3.1b) for a(z)
that the almost invariants .# are close to the actions /;.

Proposition 4.3 We have for 0 <t, =nh <g™!

[STN]

> el A (een) — I, w7)| < Ce
le

for € sufficiently small compared to Cy, C1,d, N, s and the norm of V with a constant
C depending only on Cy, C1,d, N, s and the norm of V.

4.10 Interface between modulated Fourier expansions

So far, we only considered a short time interval of length ¢ ~!. In order to get longer
time intervals as announced in Theorem 3.1 we have to patch many of these short

@ Springer



One-stage exponential integrators for nonlinear Schrédinger equations 899

time intervals together. In this subsection we consider a second short time interval
e~ ! <1 <2¢7 ! (if e~ is not a multiple of the time step-size & we consider instead the
time interval n.h <t < 2n.h, where n, denotes the largest integer with n.h < e~ D).
On this second time interval we consider again a modulated Fourier expansion

2 Faene "
k

of the numerical solution, starting with the numerical solution u"¢ at the end of the
first time interval (after n, time steps) as initial value. The initial condition (4.2c) of
the modulation system then becomes

u;s — Z Zl; (Sngh)e—i(k-a))nsh ,
k

whereas the remaining part of the modulation system (4.2a)-(4.2c) remains un-
changed. This modulation system is again solved approximately with the iterative
procedure described in Sect. 4.3, and we denote, again by an abuse of notation, by
7K (and also z¥) the iterated modulation functions after L = 2N + 2 iterations. Since
lu"||s < 2e by Lemma 4.1, all the results on the modulation functions z proven so
far are also valid for Z with constants depending on the same parameters.

It is possible to control the difference of the almost invariants .%(z) and .#;(z) at
the interface n.h ~ ¢~! between the modulated Fourier expansions on the first two
time intervals.

Proposition 4.4 We have

> N’ | A(alench)) — A (@ench))| < CeNF3
le

for ¢ sufficiently small compared to Cy, C1, d, N, s and the norm of the potential V
with a constant C depending only on Cy, C1,d, N, s and the norm V.

Proof We first show that

lz2(eneh) — zench)|| s < CeNt2 (4.13)
for the rescaled modulation functions defined in Sect. 4.4. Together with [18,
Lemma 3] and Lemma 4.1 this yields the stated result. For the proof of (4.13) we
have to study once more the iterative procedure, this time the iteration for z. This is
done in the same way as in the proof of [18, Proposition 4], considering again I'a®®)
for € > 1 and I'b'® for £ > 0 instead of a® and b® (but not I'a). O

4.11 From short to long time intervals

We are now in the position to prove Theorem 3.1. We start with the long-time near-
conservation of actions, that we can control so far only on a short time interval of
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length ¢ ~!. The almost invariants .# permit to patch many of these short time inter-
vals together to a long time interval of length e~V exactly as in [19, Sect. 6.3]: We
consider modulated Fourier expansions on short time intervals of length &~ ¢! start-
ing on the numerical solution as described in Sect. 4.10. The almost invariants (Propo-
sitions 4.2 and 4.4) close to the actions (Proposition 4.3) ensure that the numerical
solution satisfies a smallness condition |u”||; < 2¢ over long times 0 < nh <&~V
and imply the near-conservation of actions on these time intervals.

Finally, the near-conservation of energy H, discrete energy Hjs, mass m and mo-
mentum K is shown as in [19, Sect. 6.4]. The main point is that all these quantities
are sums of scaled actions plus, in the case of the energies, a higher order term of
size &*. The long-time near-conservation of actions thus implies the long-time near-
conservation of discrete and continuous energy, of mass and of momentum as stated
in Theorem 3.1.

5 Conclusion and open problems

We have shown long time near-conservation of actions, energy, mass and momen-
tum for the numerical solution of a cubic Schrédinger equation given by a one-stage
exponential integrator. This has been done for a class of methods that contains all
reversible methods. We have presented a numerical experiment with a symmetric ex-
ponential integrator, that does not belong to this class, and that does not show this
good long-time behavior.

An extension of the results to nonlinear Schrodinger equation (1.1) with more
general nonlinearities of the form g(|u(x, t) Pu(x, 1) is easy if g is real analytic in a
neighborhood of zero and g(0) = 0. On the contrary, it is an open problem to extend
the theoretical results of the present paper to exponential integrators with more than
one stage (s > 1 in (2.4)). The technical difficulty seems to be the identification of
invariants in the corresponding modulation system. In fact, in the modulation system
for a method with more than one stage there are several nonlinear terms coming from
an extended potential % (4.3) with different arguments. This prevents the derivation
of the invariants in Sect. 4.2 from working. We expect, however, that reversible ex-
ponential integrators with two or more stages have a similar long-time behavior as
the one-stage methods studied here. In order to support this conjecture, we present
in Fig. 3 a numerical experiment with the same parameters as in the experiments of
Sect. 3.3 but with the two stage exponential integrator

Ul — eCthMO + g(%f‘(Ul) + C]e(CI_C2)th(U2)),

h 1
2 _,ohL 0, 1 (c2—c)hL Ny Z 2 5.1
U? =e2ty +2<cze f(U)+2f(U )), (5.1)
Wl = oty 4 g(e(l—cl)th(Ul) +el=enL £(y72))
V3 V3

with ¢; = % — ¥ and o = % + ¢ . This is a reversible and symmetric Lawson
method with the Hammer and Hollingsworth method as an underlying Runge—Kutta
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|
0 500000 1000000

Fig. 3 Actions (black lines), discrete energy (middle bold grey line), mass (upper bold grey line) and
momentum (lower bold grey line) for the two-stage method (5.1)

\
0 500000 1000000
Fig. 4 Actions (black lines), discrete energy (middle bold grey line), mass (upper bold grey line) and

momentum (lower bold grey line) for the pseudo steady state approximation (5.2)

method, see [7, Sect. 2]. We also perform the same experiment for the pseudo steady-
state approximation [24, 26]

2_ hL. 0 et —1 1
Ur=e"ul +h—e—f(U"), (5.2)
=t B ) 4 ()
2 KL ’

a two-stage explicit exponential integrator (neither symmetric nor reversible) that is
used in chemistry, and plot the result in Fig. 4. A loss of energy, mass, momentum
and actions is observed for this method.

Our main result explains rigorously the good long-time behavior of certain expo-
nential integrators in the situation where the initial values are small and the frequen-
cies in the equation as well as the time-step size satisfy a non-resonance condition.
For initial values that are not small we can not expect long-time near-conservation
of actions (neither along the exact nor along a numerical solution). Concerning the
behavior of energy and mass we refer to [7] for many numerical experiments when

@ Springer



902 D. Cohen, L. Gauckler

initial values are not small and frequencies are resonant. A rigorous numerical anal-
ysis of this situation on long time intervals is still missing.

We finally mention that mass can be exactly conserved by exponential integra-
tors, whereas our main result only explains its near-conservation over long times. For
example the Lawson method from Example 2.1 conserves mass exactly. For a char-
acterization of exponential integrators, that preserve mass exactly, we refer the reader
to [7, Sect. 3].
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