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Abstract

Modeling long-haul data transmission through dispersion-managed opti-
cal fiber cables leads to a nonlinear Schrédinger equation where the linear
part is multiplied by a large, discontinuous and rapidly changing coeffi-
cient function. Typical solutions oscillate with high frequency and have
low regularity in time, such that traditional numerical methods suffer from
severe step-size restrictions and typically converge only with low order.
We construct and analyze a norm-conserving, uniformly convergent time-
integrator called the adiabatic exponential midpoint rule by extending
techniques developed in [26]. This method is several orders of magnitude
more accurate than standard schemes for a relevant set of parameters. In
particular, we prove that the accuracy of the method improves consider-
ably if the step-size is chosen in a special way.
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1 Introduction
We consider the dispersion-managed nonlinear Schrédinger equation (DMNLS)

du(t,x) = 1oy (L) Q2ult,x) +ilu(t,2)>u(t,z),  z€T,te€(0,T]

u(0,x) = up(x), S

on the one-dimensional torus T = R/27Z and on a time-interval of length 7' > 0.
This equation provides a model for the propagation of light pulses through op-
tical fibers with strong dispersion management; cf. [1,5,32]. The DMNLS (1)
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differs from the “classical” semilinear Schrodinger equation with cubic nonlin-
earity in two characteristic features. First, Eq. (1) involves a small positive
parameter 0 < ¢ < T. Second, the differential operator is multiplied with the
coefficient function v: R — R given by

V() = x(t) + e, (2)
where o > 0 is the mean dispersion, and where
{ —6 if ten,n+1) forevenn €N,

3
§ if ten,n+1) foroddneN ®)

x(t) =

is called the dispersion map. We assume that § > e« > 0 such that ~(t) # 0 for
every t € [0,T].

Approximating the solution of (1) is a considerable challenge. Typical so-
lutions of (1) exhibit a highly oscillatory behavior due to the factor i/e in the
right-hand side. Hence, applying traditional numerical time-integrators (e.g.
Runge-Kutta or multistep methods) is inefficient, because these schemes yield
a very poor accuracy unless a huge number of time-steps with a very small
step-size 7 < ¢ is made. Additional difficulties are caused by the piecewise
constant coefficient function 7 inducing discontinuities in the time-derivative
t — Owu(t, ). Hence, higher order time derivatives do not exist which con-
tradicts key assumptions required to prove higher order convergence of many
time integrators. Moreover, the nonlinear term i |u(t, z)|? u(t, #) makes implicit
methods prohibitively costly and complicates the construction of novel methods.

There is a rich literature on numerical methods for differential equations
with oscillatory solutions, and reviews can be found, e.g., in [12,13,19,21,31,33].
Time-integration of oscillatory partial differential equations has been analyzed,
e.g., in [2-4,8-11,15-18,20,27] and references therein. However, none of these
works considers a nonlinear, singularly perturbed partial differential equation
with discontinuous and oscillatory coefficients like the DMNLS.

A tailor-made time-integrator for the DMNLS called the adiabatic midpoint
rule has been constructed and analyzed in [26]. This method is based on a trans-
formation of (1) to a more suitable equivalent evolution equation — the trans-
formed dispersion-managed nonlinear Schrédinger equation (tDMNLS) — and
on the fact that certain integrals over highly oscillatory exponential functions
in the tDMNLS can be computed analytically. It was proved that the adiabatic
midpoint rule converges with order one in time with an error constant that does
not depend on ¢ and without any e-induced step-size restriction. Moreover, it
was shown that surprisingly the accuracy improves for special choices of the
step-size 7: The error reduces to O(? +72) if 7 = ek with k € N, and to O(eT)
if 7 = e/k, respectively. In both cases the error constant remains independent
of e, which is typically not the case when traditional methods are used. These
features make the adiabatic midpoint rule attractive for solving the tDMNLS.
The disadvantage of this method is, however, that numerical approximations at
different times have a slightly different L, norm in general. This behavior is
somewhat unphysical, because it can easily be shown that

||u(t, ')”Lz(T) = HU(O, ')||L2(’]1') forall ¢t>0

for every solution of the DMNLS. For this reason, we propose an improved time-
integrator for the DMNLS — the adiabatic exponential midpoint rule. We prove



that this new method has the same favorable error behavior for special step-
sizes as the adiabatic midpoint rule, and that it does preserve the norm of the
numerical solution in contrast to its non-exponential counterpart. Moreover,
we show in Section 5.2 that the adiabatic exponential midpoint rule reproduces
the exact solution of the tDMNLS in certain special but nontrivial cases. It is
expected (and confirmed by our numerical experiments in Section 5.4) that these
properties of the new integrator also improve the accuracy of the approximation.

The construction of the new method is again based on the tDMNLS intro-
duced in [26]. The difference is that now the transformed problem is linearized
in each time-step by freezing some of the degrees of freedom. This leads to a
linear evolution equation with time-dependent coefficients, which can be approx-
imated by the exponential of the first term of the Magnus expansion [6,22,23].
As in [26] we encounter integrals over oscillatory functions which can be com-
puted analytically. The construction of the new integrator is in some sense an
extension of the approach from [26]. However, the error analysis is considerably
more complicated due to the exponential structure of the new method.

In Section 2, we review the derivation of the tDMNLS. After compiling a
suitable analytical framework in Section 3, we discuss the asymptotic limit of
the tDMNLS for & — 0 in Section 4. The content of Sections 2, 4 and (partially)
of Section 3 can already be found in [26], but we briefly revisit these important
ingredients in order to keep the presentation self-contained. In Section 5, the
adiabatic midpoint rule is constructed and we prove the qualitative properties
of the method. Furthermore, we state the main results of our error analysis and
illustrate the method by numerical examples. The proofs of the error bounds
are given in Section 6.

Throughout the paper, we denote by C > 0 and C(-) > 0 universal constants,
possibly taking different values at various appearances. The notation C(-) means
that the constant depends only on the values specified in the brackets.

2 Transformation of the problem
If u e C(]0,T], H*(T)) with s > 2 is a solution of the DMNLS, then

10cutt, M poemy ~ 2llult a2,

for every t € (0,T) which implicates that the solution oscillates faster and faster
when € — 0. This unpleasant scaling was the main motivation in [26] to consider
the transformed dispersion-managed nonlinear Schrédinger equation (tDMNLS)

Y (8) =1 45Tk (Oui () exp (“wppmd (L)), meZ. (4)
I,

Here and below we use the abbreviations

Wiikim] = §° — K2 + 12 = m?,

In ={(G, k1) €Z®: j—k+1=m}, (5)

and the short-hand notation

Zajbkcl = Z ajbkcl .
I

(4,k,1)€Z?

j—k+l=m



The tDMNLS is obtained by substituting the Fourier series

u(t,z) = em(®e™,  ep(t) = /T u(t, z)e” ™ dz (6)

mEZ

into the DMNLS and introducing the new variables

o~

Ym(t) == exp (im2¢ (ﬁ)) em(t), meZ, (7)

where qAS is defined by

:b\(z) = AZ v(o)do = ¢(z) + aez with ¢(z) == /OZ x(o)do. (8)

The transformation (7) is motivated by the fact that the solution of the linear
part

dw(t,x) = év (1) O2w(t,z), xz e T,te (0,7T) ()
w(0,z) = wo(x),

is simply obtained by keeping

Ym(t) = ym(0) = ¢, (0) = /ﬂ‘wo(x)eiimx dz

constant in time for every m € Z, setting ¢, (t) = exp (—im2$ (é)) ym(t) and
then applying the inverse Fourier transform to (¢, ). Hence, solving the linear
part of the DMNLS is trivial in the new variables.

Nevertheless, the transformation (7) does not cure the highly oscillatory be-
havior of solutions completely. In fact, the rapidly changing exponential terms
in (4) still cause fast oscillations of y(t). However, an important advantage of
the tDMNLS in contrast to the DMNLS is that the right-hand side of (4) is
uniformly bounded in the limit € — 0 if y(t) = (ym(t))mez € €1, cf. Lemma 3.1
(i) below. A second advantage of the tDMNLS concerns the regularity in time.
Since (4) involves 5 instead of 7, the right-hand side is now (weakly) differ-
entiable with respect to ¢, whereas the right-hand side of (1) is discontinuous.
These benefits suggest to approximate the t DMNLS numerically instead of the
DMNLS as in [26]. However, both evolution equations are equivalent, and so-
lutions of (4) can be obtained from y via the inverse transformation

u(t,x) = Z Ym (t) exp (—im2$(§) + imx) . (10)

mEeZ

As already pointed out in [26], the drawback of reformulating the DMNLS in
terms of the tDMNLS is the occurring multiple sum in (4). Before the transfor-
mation evaluations of the nonlinear part of the DMNLS could be implemented
in terms of point-wise multiplications, but now the nested summation makes
evaluations more costly from a computational point of view. We will address
this aspect further in the numerical experiments in Section 5.4.



Before closing this section, we simplify notation: For u = (um)mez , 2 =
(2m)mez and t € [0,T] we denote by A(t, u)z the sequence with entries

(A(t,p)z) = 12,%/%21 exp (—iw[jklm](g(é» , meLZ. (11)
I,
With this notation the tDMNLS reads
y'(t) = A(t,y(1)y(t). (12)

3 Analytic setting

First, we point out that the global well-posedness of the DMNLS (1) in the
Sobolev space H*(T) for arbitrary s € Ny follows immediately from Theorem 2.1
n 7] due to the fact that (/) is constant on every interval [ne, (n+1)e). In the
following, we provide a suitable analytic setting for investigating the tDMNLS
and the related numerical methods.

Every solution u(t,-) € H*(T) of the DMNLS is related to a sequence y(t) =
(Ym (t))mez given by (6) and (7). According to (10) we have

oFu(t,z) = Z (im)*ym (t) exp (—im2$ (1) + imx) ,

mEZ
and hence
9 S
||’LL ||H5(T) Z Hak ’.)HLg(T) = QWZ Z ‘m‘2k|yM‘2 . (13)
k=0m¢cZ
We define the inner product
(w,z)e2 = M3 wmZm,  |mly = max{L, |m|}

mEZ

(Zm is the complex conjugate of z,,) and consider the tDMNLS in the Hilbert
spaces

2= {(zmhmez in C | |2l < o0},

with the induced norm ||z||,» == 1/(z, 2)¢2; cf. [14]. Then, (6), (7) and (10) yield
an isomorphism ¢2 22 H*(T) with norm equivalence

Va2r|y(t) (t: ) s (ry < V2r(s + D)ly(t)llez

for every s € N.

It was pointed out in [14] that treating convolution-type sums originating
from the Fourier transform of a cubic nonlinearity as in (4) is much more con-
venient in the sequence spaces £}

b ={zmImez n C | |l2lly < o0} , (14)
Il = D ml J2ml -
meZ



than in £2. These spaces are related to £2 by the following embedding: If r, s € N
with r > s, then

Goly=by, te lzllg <zl <Cllzllg , (15)

see [14, Proposition II1.2.]. This allows us to prove error bounds in £} in order
to obtain error bounds in ¢3. Henceforth, we write ¢? instead of ¢§ for p € {1,2}.

The benefit of the space ¢! is reflected in the following principle: If a, b, c € £}
and d = (dm)mGZ is given by

dm =Y ajbicr,

Iy,

then d € ¢! and

ldll = ’Zajbkcl’

meZ I,

< (Dl ) (X 1eel ) (X teal ) = llalls lbll il - (16)
JEL kez lez
This general principle will often be used in the proofs below.
Finally, for given ¢ € [0, 7] and p we consider the linear operator
Aty p): 2z A(t, p)z

with A(t, u)z defined by (11). For the construction and analysis of our method
the following properties of this operator are crucial.

Lemma 3.1. Ift € [0,7] and p € ¢ with M = |ul,, then the following
assertions hold.

(i) The operator A(t,u): £* — £ is bounded and

JAG w2l < COD) [zl for all = € ¢

(ii) The operator A(t,u): (2 — % is bounded and

JA( @zl < CODle for all = € €2

(iii) The operator A(t,u): (> — 02 is skew-adjoint.

Remark.

e With the abbreviation

MY = ), 17
S = e ly (@)l (17)

part (i) yields
ly' Ol < C(Mg) (18)

for the solution y of the tDMNLS (12). We will frequently apply (18) in
the proofs in Section 6.



e In (ii) and (iii) we require u € ¢! although the operator acts on £2.

Proof. Assertion (i) follows from (11), (16), and the fact that |exp(—iz)| =1
for z € R. In order to prove the Assertions (ii) and (iii), we define

A1 (t, 1) Z i Ty, €XP (—iw[jklm](g(é)) for m,leZ (19)

(j,k)€Z?
j—k=m-—I

which allows us to write
(A(t7 u)z)m = Z 1 (t, 1)z - (20)
leZ

Because we have

Dolamatl <D0 D Al -l = llully = M?, mez

leZ leZ G, k)eZQ
j—k=m-—I1
and
2
Yot <D0 D Al = llullp = MP, lez
meZ meZ (j,k)eL?
j—k=m—I

Assertion (ii) follows from the Cauchy-Schwarz inequality via

JAG w22 < > (Z V0am it )1y lam (2, ) |zl>

meZ leZ
S (z am,lu,un) (z (e, 1) |)
meEZ \IEZ leZ
<123 S lamatt ) P
lEZ MmEZ
< MY|z||7 .

In order to prove that A(t, u): £2 — (2 is skew-adjoint, we note that

(4,k)€Z?
j—k=l-m

i) %Mkexp( i(k* —j +m2—12)$(£))7
(]k622
k—j=m—I1

and hence interchanging the summation indices j and k£ shows that
_al,m(ty ,U/) = am,l<t7 ,U/> . (21)
Now the assertion (iii) follows from

(A(t, )z, x) = ZZamlt,uzla:m

mEeZ LEL

= -3 @t ) uTim = (2, Alt, p)z) . -

mEZ IEL



4 The limit system

The highly oscillatory behavior of solutions of the tDMNLS (12) originates from
the exponentials of the form

exp (fiquS (ﬁ) ) = exp(—iwat) exp (fiwgb (é) ), weZ (22)

n (11). Averaging the fast part over one period yields

: 1o g L
exp (—iwe (1)) = % / exp (—iwg (£)) ds = / exp(iwd€) d€. (23)
0 0
After substituting this approximation into (11), we obtain
1
(Ahm(t,u)z)m = iZMjﬁkzl exp(—iw[jklm]at)/ exp(iwjrim)08) d§  (24)
T 0

for two sequences p = (tim)mez and z = (2m)mez. Theorem 4.1 below states
that the corresponding evolution equation

V' (t) = A (¢, 0(t))u(t) (25)

is the limit system of (12) in the sense that solutions of the tDMNLS converge
to solutions of (25) for ¢ — 0. Note that the smallness parameter ¢ does not
appear in (24).

Assumption 1. We suppose that for s = 0,1,2,3 the limit system (25) with
initial value vy € (2 has a unique solution v € C([0,T],(2).

Henceforth, we use the abbreviations

M7 = max |[v(t)||,, and M, :=max{M M/} (26)
t€[0,T s

where MY is given in (17).

Theorem 4.1 (cf. Theorem 1 in [26], see also [30,34]). Lety and v be solutions of
the tDMNLS (12) and the limit system (25), respectively. Under Assumption 1
the following estimates hold.

(i) If y(0) = v(0) € £2, then

lyt) —v(t)||, <eC(t,a,0,My). tel0,T].
(ii) If y(0) = v(0) € 2 and ty, = ek € [0,T] for some k € N, then
&2
1)
If a =0, then the constant depends only on M.

ly(tr) = v(ti)llp < = C(ty, @, Ma) .

Theorem 4.1 states that the solution of the tDMNLS can be approximated
by solving the non-oscillatory limit system (25) numerically with a standard
method. The problem of this approach is, however, that the error of this ap-
proximation cannot be made arbitrarily small. The accuracy depends on the
parameter €, which has a fixed value in applications. Nevertheless, the limit sys-
tem will be useful later for analyzing the accuracy of the adiabatic exponential
integrator constructed in the next section.



5 Adiabatic exponential midpoint rule

5.1 Construction

We are now ready to construct numerical methods to approximate solutions of
the tDMNLS (12) at times ¢, = n7 with a step-size 7 > 0. Let y(™ =~ y(t,)
and 3"~V x y(t,_1) be available. As a first step, we substitute the tDMNLS

y'(t) = A(t, y(t))y(t) locally by
7 =Alty™)at)  for te[thton],  Gltaa) =y (27)

such that the second argument of A is the approximation at the midpoint of
the time interval. Then, Eq. (27) is a linear evolution equation with a time-
dependent operator. A popular class of integrators for such problems are Mag-
nus methods (cf. [6,22,23]), but applying a standard Magnus method to (27)
would be inefficient due to the particular properties of our problem. First, we
observe that the multiple sum structure of the operator A makes evaluations of
compositions of the form A(t, y("))A(s, y(”))z computationally very expensive,
which would spoil the efficiency of high-order methods. Moreover, the regularity
of t — A(t,y(”)) is low such that high-order methods cannot be expected to
converge with their classical order. For these reasons we truncate the Magnus
expansion already after the first term. This yields the approximation

Y(tn+1) = G(tns1) ~ exp (QTMn [Tv y(n)])y(nil) (28)

with )
1
Mylr,p] = 5 / A(tn, + o7, ) do. (29)

-1
The operator M, [, u]: £* — £ is bounded for every p € £* because Lemma 3.1 (i)
yields
[Maulr,plzllp < sap [JA(E w2l < C(M) 2] (30)

tE[tn,tny1]

for all z € 1. Thus, the operator exponential in (28) is well-defined in terms of
the exponential series if (™) € £1.

In order to turn the approximation (28) into a numerical method, we have
to compute the integral

1 ! i n)—(n ! . n oT
5/ ami(tn + o7, y™)do = 5 Z Y; )y;(c )/_1 exp (—1W[jklm]¢ (%)) do,

—1 .
(.k)ez?
j—k=m-—I1

which is the entry with indices (m, 1) of (29) for u = y(™ according to (19) and
(20). Using quadrature rules for this task (as in interpolatory Magnus methods)

would require a tiny step-size 7 < € because t — (;AS (Wr%")

oscillates rapidly,
and the discontinuity of the (weak) derivative of ¢ would cause additional prob-

lems. Fortunately, all integrals of the form

1
/ exp (—iw[jklm]gzﬁ (%)) do (31)

-1



can be computed analytically because the piecewise linear function qAS is explicitly
known from (2), (3), and (8); details can be found in [29, Chapter 4.1]. This is
one reason for the favorable approximation properties of adiabatic integrators.
All in all, we obtain the adiabatic exponential midpoint rule

YD = exp (2e Mo [,y ] )y D, meN. (32)

Clearly, the adiabatic exponential midpoint rule is a two-step scheme since both
y™ and y("~=1 are required to compute y("*t1V. The starting step can be done
with the corresponding one-step method

y" ) = exp (1€, [,y ™])y™ (33)
with

1
Enlmip] = /0 Aty +or,p)do. (34)

This method will be referred to as adiabatic exponential Euler method®.
An approximation u(™ = u(t,, -) to the solution of the original DMNLS can
be obtained via the inverse transformation

u™ (z) = Z y™ exp <7im2$(%) + imx) (35)

mEZ

which is the counterpart of (10).

Remarks.

1. The term “adiabatic” in the names of the above methods refers to the
fact that the construction principle is adapted from [24,25] where similar
methods for quantum dynamics close to the adiabatic limit have been
proposed. We remark, however, that the differential equation considered
there is linear and does not involve any discontinuous coefficients. The
name “adiabatic integrator” was coined in [19,28].

2. In the construction of the adiabatic integrators (33) and (32) we assume
that the approximation y(™ is in ¢'. This is necessary in order to apply
Lemma 3.1, which ensures that &,[7,y™] and M,[r,y™] are bounded
operators on £!. However, it can be shown by a classical bootstrapping
argument that we have indeed y™ € ¢! for all n € N with n7 € [0, 7] if
y(© € ¢! and if the step-size 7 is sufficiently small; cf. Appendix B in [29].

3. Because the function (Z in (31) consists of a slowly moving linear a-part
and a rapidly changing periodic ¢-part (see (8)) there are at least two
possible ways to deal with this integral. We can either fix the a-part
at t,, i.e. at the midpoint of the time interval, or retain it inside the
integral. Fixing the a-part gives us a periodic integral allowing for a more
efficient computation. However, this comes at a cost of higher regularity
requirements for the initial value and we observe a slightly higher error
constant in our numerical experiments. In case of the adiabatic midpoint
rule the a-part was fixed, cf. [26], whereas we keep the a-part inside the
integral in the adiabatic exponential midpoint rule. For more details on
this subject we refer to Chapter 4 in [29].

IThe &, in (33) stands for “Euler”, the M,, in (32) is for “midpoint”.

10



5.2 Qualitative properties

Next, we will show that the two adiabatic exponential integrators (33) and
(32) yield numerical approximations with constant norm and provide the ezact
solution in simple but nontrivial situations, as discussed in the introduction. The
adiabatic integrators proposed in [26] do not have these favourable properties.

Lemma 5.1. Let 4" be the approzimation of the tDMNLS (12) with the adia-
batic exponential Euler method (33), or with the adiabatic exponential midpoint
rule (32) with step-size 7 > 0. Let u™ be defined by (35).

(i) If y™ € ' for all n € Ny with t,, < T, then the norm of the solution is
conserved by the numerical methods, i.e.

Iy lle = ly P> and  [Ju™ | 2y = [[w(0, )| L2(m) (36)
for alln € Ng with t, <T.

(ii) If u(0,z) = rexp(ikz) for some r > 0 and x € Z, and if y© = y(0) is
related to u(0,z) via the transformation (10), then u™ is exact, i.e.

u™ = u(t,, ) = rexp (17’ ty, — ik ¢( )+ m:c) (37)

for alln € Ny with t, <T.

Proof. Ify(™) € ¢* for all n, then we know from Lemma 3.1(iii) that A(t,y™): £2 —

¢? is skew-adjoint for all t. Hence, &,[r,y™] and M, [r,y(™)] are skew-adjoint
on (2 for arbitrary 7 > 0, which means that both exp (275n[77y(”)]) and
exp (27 M, [r,y™]) are unitary on ¢2. With (33) or (32), respectively, this
implies that [y, = ||y?||;= for both methods. The assertion for u(™) in
(36) follows from the fact that |[u(™| z2(r) = v2n[|y™| ;2 according to (13).

It can easily be verified that (37) is indeed the exact solution of (1) with
initial data u(0,z) = rexp(ikz). Now we consider the adiabatic exponential
Euler method and prove (ii) by induction. For n = 0, (37) is true by assumption
because $(0) = 0 by definition (8). Now suppose that (37) holds for some n € N.
Then, the m-th entry of the transformed variable y(™ is

4 = rexp (ir’t,) ifm=x
m 0 otherwise

according to (10). With (34) and (11) we see that the m-th entry of &, [r, y(™]y(™)
simplifies to

(En [T,y( ) = 1Zyjn) T (n /01 exp (—iw[jklm ¢?(t +‘”)) do

mre |y Py
= 112 yr€ n)

where d,,, is the Kronecker symbol. Hence, the next approximation computed
with (34) is
(n+1) exp(ir2r)y) = rexp (ir?tp41) ifm =k,
Y = .
0 otherwise,

11



and via (10) we obtain
u") = rexp (ir2tn+1 — if$2$ (t"%) + im:) = u(tpt1,T).

The same arguments apply mutatis mutandis to the adiabatic exponential mid-
point rule (32). ]

5.3 Accuracy

In this section we summarize the results of our error analysis for the time-
discretization with the adiabatic exponential midpoint rule. The three error
bounds stated in Theorems 5.2, 5.3, and 5.4 below are similar to Theorems 2-
4 from [26] for the (non-exponential) adiabatic midpoint rule, but the proofs
require new techniques in addition to those developed in [26] because the expo-
nential integrator (32) has a completely different structure.

Henceforth, y(t) always denotes the exact solution of the tDMNLS (12)
and y(™ is the approximation at time ¢, = n7r computed by the adiabatic
exponential midpoint rule (32) with starting step (33).

The initial data y(0) = y(°) are obtained by transforming ug of (1) via (6)
and (7). We recall that the assumption ug € H*(T) for some s € Ny implies that
u(t,-) € H*(T) for all ¢ € [0,7T], and hence y(t) € ¢2 C ¢L_, for all t € [0,T);
cf. Section 3. Conversely, the following error bounds in ¢! for the transformed
variables yield error bounds in Ly(T) for the original variables because it follows
from (10), (35) and (15), that

utas ) = ary = Vrlly(ta) =yl < V2 |[y(tn) =y

o0

Theorem 5.2. If ug € HY(T), then the bound

Hy(tn) - y(n)

<7C(T, M), m™m<T,
21

holds for sufficiently small step-sizes T.

Theorem 5.3. If ug € H?(T) and if we choose step-sizes T = €/k for some
k € N, then the bound

Hy(tn) —y™

” <er(C(T,MY)+aC(T,MJ)), ™ <T,

holds for sufficiently small step-sizes T.

Theorem 5.4. Suppose that Assumption 1 holds. If ug € H3(T) and if we
choose step-sizes T = ek for some k € N, then the bound

lvtn) = ™|| < (5 +)C(Ta M), Ta<T,

Y2

holds for sufficiently small step-sizes 7. In case of a = 0 the constant depends
only on T and M.

Theorems 5.2-5.4 will be proved in Section 6.
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Discussion. For traditional methods of order p € N the error constant typ-
ically scales like e~7 for some ¢ > p such that a reasonable accuracy can only
be expected if 7 < €9/, Theorem 5.2 states that the adiabatic exponential
midpoint rule converges at least with order one, and that the error constant
does not depend on €. For this reason the method yields higher accuracy for
“large” step-sizes than, e.g., the second-order Strang splitting, as we will see in
the numerical examples below.

For smooth and non-oscillatory problems (i.e. for € = 1 and smooth functions
¢ and qAb) one would expect a global error in O(72) for the adiabatic exponential
midpoint rule. Unfortunately, second-order convergence is not achieved in the
present setting with oscillations and discontinuities. However, Theorems 5.3
and 5.4 state that the accuracy improves significantly if a special step-size is
chosen, namely an integer multiple or fraction of €. This interesting behavior is
illustrated by numerical examples in Section 5.4.

The condition “for sufficiently small step-sizes” in Theorems 5.2-5.4 is nec-
essary to ensure the £!-regularity of the numerical solution; cf. Remark 2 in Sec-
tion 5.1. This regularity is required for the construction of the scheme (cf. (30))
and to apply the principle (16) if one of the factors is the numerical solution.
We point out that this condition does not depend on ¢, it does not impose a
severe restriction on the length of the time-step. In all our numerical tests —
not only those presented in this paper — we have never observed any problems
even when the step-size was much larger than ¢.

5.4 Numerical examples

In the following, we illustrate Theorems 5.2-5.4 by numerical examples. We
consider the tDMNLS with 7" = 1, ¢ € {0.01, 0.002}, & = 0.1 and § = 1.
Moreover, we choose the initial value ug(z) = e=37" 317 and 64 equidistant grid
points in the interval [—7, w]. To this setting, we apply the adiabatic exponential
midpoint rule (32) as well as the adiabatic exponential Euler method (33). These
methods are compared with the adiabatic midpoint rule proposed in [26] and the
classical Strang splitting (for the DMNLS). The reference solution is computed
by the Strang splitting with a very large number of steps (> 10°).

The left panels of Figure 1 show the accuracy of the Strang splitting, the adi-
abatic exponential Euler method (33), and the adiabatic exponential midpoint
rule (32) for different step-sizes 7 and e = 0.01 (top) and € = 0.002 (bottom).
The behavior of the Strang splitting and the adiabatic exponential midpoint rule
appears to be volatile, i.e. small changes of the step-size may change the error
by a factor of 10 or even 100. Moreover, we observe that the adiabatic Euler —a
first-order method — yields a significantly higher accuracy than Strang splitting
for large step-sizes. However, the highest accuracy is obtained with the adia-
batic exponential midpoint rule. Apparently, the method is “better than order
one for many step-sizes”, however, several outliers reveal first order convergence
as stated in Theorem 5.2. The right panels of Figure 1 display again the error
of the adiabatic exponential midpoint rule but now only for step-sizes chosen
as integer multiples and fractions of €, again for ¢ = 0.01 (top) and € = 0.002
(bottom). Moreover, the accuracy of the (non-exponential) adiabatic midpoint
rule is shown. We observe second-order convergence for 7 > ¢ and convergence
in O(re) for 7 < € as stated in Theorem 5.3 and Theorem 5.4, respectively. In
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Figure 1: Maximal ¢?-error over time of the adiabatic exponential midpoint rule
(32) for e = 0.01 (top) and € = 0.002 (bottom). In the left panels the accuracy
of the adiabatic exponential Euler rule (33) and the Strang splitting is shown
for comparison. In the two panels on the right the accuracy of the adiabatic
exponential midpoint rule is compared with the (non-exponential) adiabatic
midpoint rule from [26], and the step-sizes are chosen according to Theorem 5.3
and Theorem 5.4, respectively.
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Figure 2: CPU-time in seconds versus maximal ¢2-error over time of the Strang
splitting, the (non-exponential) adiabatic midpoint rule, and the adiabatic ex-
ponential midpoint rule for ¢ = 0.002 and 64 (top left), 128 (top right) and
256 (bottom left) equidistant grid points in space. All computations have been
conducted in Matlab (version R2015a) on a laptop with an Intel i7-4710MQ
CPU (4 cores at 2.50 GHz) and 16 GB of RAM.

addition, the experiment confirms our conjecture that the adiabatic exponential
method has a smaller error constant than its non-exponential counterpart.

In the next numerical experiment, we investigate the trade-off between the
tiny, cheap time steps of the Strang splitting method and the larger, more ex-
pensive time steps of the adiabatic exponential midpoint rule. For this purpose,
we consider 64, 128, and 256 equidistant grid points in the interval [—m, 7] in
the above experiment and fix e = 0.002.

The panels of Figure 2 show the computational times in relation to the
accuracy of adiabatic exponential midpoint rule (32) for these different space
discretizations. In addition, the performance of the Strang splitting method and
the (non-exponential) adiabatic midpoint rule from [26] is shown. The time step-
sizes? are chosen as integer multiples and fractions of €. We compute up to 5-103

2A better performance of the Strang splitting might be obtained with a “lucky guess” for
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time-steps with the adiabatic methods and up to 10° time-steps with the Strang
splitting method. In the top left panel, we observe that the adiabatic methods
clearly outperform the Strang splitting method in terms of computational costs
versus accuracy for 64 grid points in space. The adiabatic exponential midpoint
rule also outperforms the Strang splitting for 128 grid points in space (top
right), whereas the (non-exponential) adiabatic method is only on a par with
the Strang splitting in this setting. Although the adiabatic exponential midpoint
rule is still equal to the Strang splitting for 256 grid points in space (bottom
left), the Strang splitting becomes more efficient for finer discretizations because
the computational work required for computing the nested summation in the
adiabatic methods increases cubically with the number of grid points in space.
However, we remark that typical solutions considered in mathematical physics
are somewhat smooth in space, such that a moderate number of Fourier modes
provides a reasonable accuracy of the space discretization; cf. Figures 3 and 6
in [32]. Moreover, increasing the number of time-steps for the Strang splitting
yields only more accuracy to a certain extend because at some point round-
ing errors prevent a higher accuracy. We report a decreasing accuracy for our
implementation of the Strang splitting method for step-sizes 7 < 107".

6 Error analysis

6.1 Preparations

Before we start the proofs of Theorems 5.2-5.4, we make a few preparations. If
w € 01, then the operator M,,[7,u] : & — ¢* defined in (29) is bounded and
thus generates a uniformly continuous semigroup of bounded linear operators
in /*. Hence, we have for 4 € ¢* and M = ||p||,. the basic estimate

[lexp (tM o[, 1)) 2| o < €MD 2] - (38)
Moreover, we introduce the (possibly) operator-valued functions

L ames 057
= v f >1
vr(2) /0 e ] dg for k>1, (39)

cf. [21]. These ¢-functions allow us to expand

,_.
~

m—

k
exp (tMn[Ta ,u]) - EMZ['R pl + M, 1)) ™ om (tM” [T, ,LL]) ) (40)
k=0

for m > 1. Here, the operator o, (tMn[T, u]): f1 — 1 in the remainder term
is bounded by
[om (Ml 1) 2| 0 < CM) |21 - (41)

Henceforth, we use the abbreviations

M,, = Mn[T,y(n)] and MZX = Mn[Tvy(tn)] (42)

a better step-size.

16



to simplify notation. As a first step, we reformulate the adiabatic exponential
midpoint rule (32) as a one-step method: If we define

Ynt1 = <y;:)l)) v V() = <y;té:)1)> ;

then method (32) is given by

Y41 =My,  with M, = <? P (207 M")) - (43)
In particular, one can use the one-step formulation (43) to show that
Hy(") ” <C(MJ) forall nr<T, (44)

for sufficiently small step-sizes 7 using a standard bootstrapping argument;
cf. Remark 2 in Section 5.1. Moreover, the global error ey = yn — y(tn)
propagates according to

ent1 = Myey +dyg1, e =0,
where
di=e; and dp41 =M,y(tn) —y(tnt1), n>1. (45)
Solving this recursion yields
N-1
ey = M;d; + Z My 1dpy1 (46)
n=1

with My =T and M,,41 = My_1Mpy_o...M, 41 forn+1 < N — 1. It follows
from the basic estimate (38) that

Mzl < e"CME 2]) (47)

for z € 11,

Finally, we recall that the starting step y") is obtained by the adiabatic
exponential Euler method (33). For arbitrary y(0) = y(*) € £2 it can be shown
with (47) and straightforward computation that

IMadfl < OO [y — ()| | < TOT M) (48)

Remark. One can show that the adiabatic exponential Euler method (33) is a
first-order scheme, and that its error constant is independent of . The proof is
a rather straightforward application of the principle “stability and consistency
yield convergence” and is therefore omitted in this paper. The details are given
in [29, Section 7.3].

Combining (48) with (46) yields

N-1
Z MnJrldnJrl

n=1

lexllp < 72C(T, M) + (49)

[1
This estimate is the starting point for each of the proofs of Theorems 5.2 and 5.3,

where we derive suitable ¢'-estimates for the remaining sum in the right-hand
side.
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6.2 Proof of Theorem 5.2

For arbitrary step-sizes 7 > 0, we aim for the bound

N-1 N-1
D Muidag| < 7O M) Y lealln +7C(T, M), (50)
n=1 yat n=1

Then, substituting into (49) and applying the discrete Gronwall lemma com-
pletes the proof. Thanks to (47), we immediately obtain

N-1 N-1
> Mpprdnga|| <O M) lldpsallp - (51)
n=1 it n=1
If we can prove that
A1l < TOMY) llenllpn + 72O (T, M) (52)

then the bound (50) follows. As a first step, we observe that by (45) and (43)

dy, .
dyi1 = ( 0“) with d,,+1 = exp (27’Mn)y(tn—1) —Y(tng1), (53)

and hence it is sufficient to derive an estimate for d,,+1. According to (12) we
have

¥/ () = May(t) + (At y(0) = Mo )y(t)

Thus, applying the variation of constants formula gives
Y(tnt1) = exp (27'Mn)y(tn—1)

+ / o exp (2(1 — s)My,) (A(s,y(s)) — My) y(s)ds.  (54)

tn—l
Now, inserting (54) into (53) results in
tni1
dpt1 = —/ exp (2(7’ — S)Mn) (A(s, y(s)) — Mn) y(s)ds. (55)
tn—l

Using (40) we get the partition

=~ 2+ R, o
where
trg1
dily = / exp (2(1 — )My ) (M7 — My )y(s) ds, (57)
tn—1
@ [ N
n+1 = ] ( (S,y(S)) - Mn )y(tn) S, (58)

tnt1 s
R, = / / (A(s9(s)) — M)y (o) dords
tn—1 tn
tni1

oMy [ (7= ) (207 = ) M) (A5, 5(5)) — M) y(s) ds

tn—1
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Thanks to Lemma 3.1, (30), (41), and (18) the bound
R, = o) (59)

follows. Because

s ()T (1) = o7

< Juittn) = 9| et |+ Iy (ta) - [ t) = 717
we obtain for z € ¢!

(M5 = M)zl < €O [Juta) = 5|, 12l < COR) llenllon 2]

(60)

and hence

||, = re@ag) enll,s (61)
by (38) and (44). Moreover, a small computation shows that

tn+1

a2 = [ (Aas) = Aot ot ds.

n—1
Now, let [diﬂ] be the m-th entry of d +1 If we partition

(At = [S53abm + (5521 ]m (62)

with

S =13 [ [ ot e (<iapamd (2)) dods, (63

nt1 ~
57(7321 IZ/ / yj yk yl( )exp ( lw[jklm ¢ (?)) do dS, (64)

then (16) and (18) imply the estimate
Hd(Q)Hel < r20(MY). (65)
Finally, combining (59), (61) and (65) yields the desired bound (52).

6.3 Proof of Theorem 5.3

In the setting of Theorem 5.3, i.e. 7 = ¢/k for some k € N, we can improve the
bound (50) for the remaining sum in (49). Here, we aim for the estimate

N-1 N-1
> Mppadnga|| < 7CMY) Y llenllp+7e(C(T, M) +aC(T, M) . (66)
n=1 o1 n=1

Again, substituting into (49) and applying the discrete Gronwall lemma then
completes the proof.

The key idea to prove (66) is to exploit cancellation effects in the summation
of the error terms; cf. Lemma 6.2. It turns out that these cancellations occur
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over time intervals of the length 2¢. Since the endpoint of the time interval
[0,T7] is not necessarily an integer multiple of 2e, we have to take into account
potential extra summands without cancellation. Therefore, we decompose N —
1 =2kL+ n* with L € Ng, n* € {0,...,2k — 1} and partition

N-1 2kL—1 2kL+n*
E MnJrldnJrl § Mn+1dn+1 E Mn+1dn+1 (67)
n=1 Al n=1 2 n=2kL 01

Because n*72 < 2k72 = 27¢, we immediately conclude from (47) and (52) that

2kL+n* 2kL+n”™
Y Mppday|| <TCTMY) Y lenllp +7eC(T M) . (68)
n=2kL Al n=2kL

In order make use of the cancellation effects for estimating the other sum in (67),
we must avoid the triangle inequality. Hence, we cannot employ the bound (47)
in order to estimate the operators M, ;1. The following lemma provides an
alternative.

Lemma 6.1. Let k,L € N. Then, we have

2kL—1 kL kL—-1|l n
@) || Y. Mapadaa|| <C@MY) (D don|| +7C0ME) Y (D dy
n=1 n=1 o1 n=1 ||j=1 1
n even 01 4
and
2kL—1 kL—1 kL-2| n
(’LZ) Z Mn+1dn+1 S C(T, Mg) Z d2n+1 + TC My Z Z Cl2]+1
n=1 V= yat n=1 1
n odd 01 4

Proof. First, we apply the summation by parts formula and obtain

2kL—1 kL
E Mn+1dn+1 - § M2nd2n
n=1 n=1

n even

kL—1 n
= Maxr Z don — > (Mani2 — May) (Zde) :
n=1 j=1

With the factorization
M40 — Moy, = Moy y2 — Moy oMoy, 1 My,

=t (5 7) = ("0 o rann))

Many101 (27M2n+1) 0 )
0 M2n901 (QTMQR)

and hence (30), (47) and (41) yield the bound
| (Ma2p42 — Mgn)zHZ1 <TOMY) |zl|x for ze

and (40), we get

Moy 42 — Moy, = 27 Moy 40 <

which implies the first estimate. The second estimate follows analogously. W
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According to Lemma 6.1 it suffices to derive estimates for

2kL—1 2kL—1
> dnpa and || Y dup with k, L eN. (69)
nnr;én it nngdld yal

This is because these estimates can also be employed to bound the remaining
double sums in Lemma 6.1. Here, we partition n = (Ik + n*) with | € Ny,
n* € {0,...,k — 1} to subdivide the inner sum as in (67), but with M,
replaced by identity. Then, the first sum can be bounded by the (yet to be
derived) estimates for (69), whereas the second can be treated analogously to
(68).

In the following two lemmas, we specify the cancellation effects, which allow
us to obtain suitable bounds for the sums (69). The crucial terms for these
cancellations are double integrals of the form

T, = /tnnlrl /tj exp (7iw¢ (%)) do exp (71(:@) (g)) ds. (70)

Lemma 6.2. Let k, L € N and suppose that 7 = ¢/k. Further, we consider the
double integral I,, given in (70), a sequence (ap)nen, and a sequence (by,)nen
with |b,| < M for all n € N and with the property

bon = by(—n), for n=1,...,k/2—1
and

ban—1 = bak—n)+1, for m=1,...,k/2.

Then, we have the estimates

2kL—1 kL—2

(2) Z anbnZy,| < erC(M) Z |as(nt1) — G2n
n=1 n=1

and

2kL—1 kL—2

(ZZ) Z anann S ETC(M) Z ‘a2n+1 — A2n—1
n=1 n=1
n odd

Remark. Lemma 6.2 is the foundation to improve the error estimate from
O(7) in Theorem 5.2 to O(er) in Theorem 5.3. Suppose that |a,b,| < Cup
for all n = 1,...,2kL — 1 for some constant Cj,, > 0 independent of 7 or e.
Because |Z,,| < 72 and (2kL — 1)7 < T a straightforward estimate via the
triangle inequality yields

2kL—1 2kL—1
Z anbnIn| < Cop Z |In| < CpTT = O(T)
n=1 n=1

n even n even
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for the left-hand side of (i). In the proof of Theorem 5.3, however, we have
an, = F(t,) where F is a differentiable function with bounded derivative F”;
cf. (94) below. In this case, Lemma 6.2 yields the stronger estimate

2kL—1 kL—-2
Z anbnZn| < eTC(M) Z |a2(n+1) - a2n|
n=1 n=1

n even

< M) (kL — 2)2 F
<erC(M)(k )Ttg%g%‘ (t)‘

< C(M,F'\T)er = O(er).
Of course, the same consideration holds for part (i) of Lemma 6.2.

Proof of Lemma 6.2. A short computation using the symmetry and period-
icity of ¢, i.e.

p(1+s)=9¢(1—s), P2+ s)=9¢(2—5s) (71)
and

d(s) =d(2+s), (72)
shows that Zo, = 0. Moreover, one can verify that

I, =0, Ign—FIQ(k,n):O, for n:l,...,k’/Q—l
and
Ign,1 +22(k—n)+1:0» for n:17,k/2
For more details of these computations we refer to [26] or [29, Lemma 13]. These

symmetric behavior results in

lk—1
D bynTpn =0 for LeN. (73)

n=1
Applying the summation by parts formula gives

2kL—1 kL—1

Z anbpyZ, = Z a2nbanZLoy,
n=1

n=1
n even

kL—1 kL—2 [ n
= <Z b2n12n> ag(kL—-1) — Z ZijIQj (a2(n+1) — azy) -
j=1

n=1 n=1

(74)

The first part vanishes immediately with (73). For the second part, we partition
n=(kl—1)4+n*forl e N, n* €{0,...,k — 1} and subdivide

n lk—1 lk+n™
D boiTo; =Y boToi+ Y bojIy; (75)
j=1 j=1 j=lk
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Again, the first sum vanishes with (73). Because |Z,| < 272 and n*72 < eT, we

obtain
lk+n*

Z ijIQj S TQTL*C(M) S TEC(M) 5
7=k

and hence the estimate

2kL—1 kL—2
Z anbn I, | < etC(M) Z |a2(n+1) — Q2n (76)
n=1 n=1

follows. The estimate (ii) follows analogously. |

For technical reasons we also need the following variant of Lemma 6.2.

Lemma 6.3. Let k, L € N and suppose that 7 = ¢/k and TkL < T. Further,
we consider the double integral

~ tnt1 s ~ ~
7, = / / exp (~iwd (2)) doexp (~iad (2)) ds. (77)
tn—1 tn
and a sequence (an)nen. Then, with the sequence (an)nen given by

a, = exp (—i(w + cb)atn)an ,

we have the estimates

2kL—1 kL—2
(7) Z anZ,| < erC Z |lao(ns1) — Gan| + ar?C(T) nrggﬁ{ lwan| + |©ay,| }
and
2kL—1 kL—2
(17) Z anZy| < erC Z laons1 — Gon_1| + ar?C(T) max { |wan| + |©an| } .
— — n<2kL
n odd

Proof. By the definition (8), we have

exp (—iwqg (f) ) = (exp (—iwat,) — iwa /ts exp (—iwal) df) exp (—iw¢ (g)) )

(78)
This allows us to partition (77) into

-~

7, = exp (—i(w + @)at,) T, — ic(wRY + GRP) |

with
’R(l)‘ <73C and ‘R@’)‘ <70,

Now we obtain inequality (i) by estimating

2kL—1 2kL—1

g any| < g anZ,| + ar?C(T) max { lwan| + |@an| } ,
- oy n<2kL
nneven n even

and then applying Lemma 6.2 to the first sum. Inequality (ii) follows analo-
gously. |
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We are now in a position to derive estimates for the sums in (69). However,
we consider only the sum over even n, because a corresponding bound for the
sum over odd n follows analogously. It suffices to estimate the non-zero part
dpt1 of dyy1, cf. (53). First, we partition

dnt1 = _(dn+1 + dn+1 + df-s)-l + dgis)-l + Rf—?—l) ) (79)

with d( 41 and dm_1 defined in (57) and (58), respectively, and

n+1 / / M°X> "(o)dods,
’n.+1 ’n.
ntl

dgﬁl = /t ) 2(r — s)./\/ln(A(s,y(s)) — sz)y(tn) ds,
Rff_i)rl = /ttnjl /ts 2(r — )M, (A(s,y(s)) - Mflx)y/(a)da ds

+ / - (2(7 = )Mo) 02 (2( — 5) M,,) (A(S’y(s)) - Mix)y(s) ds-

tnfl

By Lemma 3.1, (30), (41), and (18) the bound

|R2,, < oo (50)

follows immediately. Moreover, we reuse the estimate (61) for the term d,(zl)

+1-
2 3 4
5111» dgl-?-l’ and dEH)—l'

It remains to derive suitable estimates for d
Step 1. We start at the partition (62) and solely consider the term (64)

(1) ]

because an estimate for [S,/;]m

tDMNLS gives

5], Zz/m/%qumam>

~

exp (—iw[pqrj]qﬁ (%)) do exp (—iw[jklm]gb (g)) ds. (81)

follows analogously. Replacing yj(o) by the

Now, we fix m € Z, (j,k,1) € L, and (p,q,r) € I; and write w = wipgrj), @ =
Wijkim] and Y (o) = yp(0)y,(0)yr (o), (0)yi(o) for short. Then, any summand
of (81) can be expanded via

/ n+1 / o) exp 1w$(%)> do exp (—1&5(5)) ds =Y (t,)Z, + Rn,

with Z,, given in (77) and

< max [¥'(0)]. )

Moreover, using the abbreviation

F(0) = exp (—i(w + ©)ao)Y (o),
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Lemma 6.3 implies

2kL—1
Y (t,)Z, <OT( ‘13’ ’+ 2 Y (o) + @Y (o )
; (tn)Zn| < C(T) (&7 max |F'(o)| +ar Uren[gf;]{lw )| + @Y (o)) }

n even

Ultimately, we obtain with the principle (16), (18), and Lemma A.1 (in Ap-
pendix) the final estimate

2kL—1

S AL <er(C(T, MY) + (T, MY)) . (83)
n=1

n even 01

Step 2. We partition d(+1 = S,(il S’(+1 with

tn+1
n+1_/ / (5,9(s))y'(0)dods,

tn—1

@ _ [ ex
Sy M y'(0)dods. (84)

Because Sn+1 has the same structure as the terms (63) and (64), we obtain as
in the previous step

2kL—1
Z SSL| <er(Cm, M)+ aC(T, MY)) . (85)
n(;en A

Moreover, substituting the tDMNLS for 3/(o) the m-th entry of S, @ i1 Teads

50 = 5 S Sttt | e (g ()

n+1 .~
/ / Ypari(0) exp (—iwppgr¢ (£)) dods,  (86)
tn—1 tn

with R

Yogri(0) = yp(0)74(0)yr (o) exp(—iwppgryor) -
For fixed m € Z, (j,k,1) € L, and (p, q,7) € I;, we write w = Wpgry], ©@ = Wjkim)
and Y (s) = f/pqu(s) for short. In addition, we abbreviate

f(s) =y;(s)y,(s) and IA(n = /1 exp (—i@$ (@)) d¢. (87)

-1

Now, we decompose any summand of (86) into

n+1 o~ ~
W) K / / o) exp (—iwg (2)) dods = f(t,)Y (t.) KT, + RY,
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where Z,, is given by (70) with & = 0 and

tnt1

RM = f(tn)f( / Y (02) dog exp (—iwg (Z2)) doy ds . (88)
tn St

tn—1

Moreover, we observe that

I/(\'n = K, exp (—ivaty,)

. /1 exp (—1a¢> (ﬂ)) /5 exp (—ida(t, +0))dode
1

0

with

K, = /1 exp (—i@¢ (#)) d¢. (89)

1
Hence, if we define R R
F(s) = f(s)exp (—iwas)Y(s), (90)

we can write any summand of (86) in terms of
Ft)Y (t0) KT, + RWY = F(t,) Ko I, + R — R

where RS is given by (88) and

1

~ 13
RD = ira@f(t)Y (tn)n | exp (—iw¢ (M)) / exp (—iwa(t, + 70)) d d¢ .
0

-1

(91)
It is clear that
2kL—1
Z RW| < 72C(T) max ’f o ' (92)
o€[0,T]
and since Z,, = O(7?), we have
2kL—1 R
Z RP| < 72aC(T) max ’@f(U)Y(O‘)‘ . (93)
o€[0,T]
Furthermore, we observe that
K2n:K2(k—n)7 for n:l,...,k/271
and
Kopq :KQ(k—n)+17 for n= 7"'7k/27
and hence Lemma 6.2 gives the estimate
2kL—1 R
3" F(ta)K.I,| < er max ‘F’(U)‘ . (94)
ot o€0,T]

TN even

Because the principle (16), (18), and Lemma A.1 (see Appendix) imply suitable
bounds for the terms

)

P s ortotio) P
Ugl[g%‘f(o) (@), max [6/(@)V(0)| and  max |F(0)
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we can combine (92), (93) and (94) to obtain

2kL—1

> S < re(C(T, MY) + aC(T, MY)) . (95)
n=1
n even el

Finally, it follows from (85) and (95) that

2kL—1
Z dP | <7e(C(T, MY) + aC(T, MY)) . (96)

’I’L even él

Step 3. A short computation gives the partition diﬁl = 57(21 + S,(gl, with

SO, = /t ()M A(s, () y(t) ds., (97)
S = [ 2 = )M (A(s0(9) ~ Als(e) Jut) s, (98)

Because of the relation
U3 ($T(5) — 1 (ta)Te(tn) = Tu(s) / (o) do + g (tn) / Tu(o)do,
tn tn

the estimate

H (A(S’y(s)) - A(S:y(tn)))y(tn) .S TO(MY)

follows from (18), and hence we obtain with (30) the bound

2kL—1
3 s©) 72C(T, MY) . (99)
n=1 ya

The term (97) requires more attention. First, we expand 57(521 = T,(Ll) T T(li)l
with

W _ [ ex
T,/ = 2(t, — ) (Mn - M )A(s, y(s))y(tn) ds,

tn—1

n+1 = ./\/IEX/ " 2(tn — $)A(s,y(s))y(tn)ds.

tn—1

y (60) and Lemma 3.1, we obtain

2kL—1 2kL—1
1
Z T <o) S leally - (100)
01 n=1

Moreover, let [T,(Li)l]m denote the m-th entry of Tr(j_)l. Then, we have
1
2) . ~ .
737 Z Z?/a / exp (=it & (2572 ) ) dg
-1

/ nﬂ (s — tn)qurl(s) exp (—iwppgry@ (£)) ds. (101)

tn—1
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With the abbreviations (87) and (90) any fixed summand of (101) reads
P ~ ~ -
f(tn)Kn / (s —tn)Y (5) exp (—iwpgr ¢ (2)) ds = F(t,) K, I, + R —RP,
th—1

where Z,, is given by (70) with @ =0, RP is given by (91) and

_ P ~
RWY = f(tn) K, / (s —tn)Y'(0) exp (—iwppgry @ (£)) dods .
tnfl tn
Because we have
2kL—1
RM| < 720(T, M} V)|,
; w)| S TOT,MY) max [¥'(0)

we obtain analogously to (95) with Lemma 6.2 the estimate

2kL—1
ST 18| <er(C(T, MY + aC(T, MY)) . (102)
n=1

n even

Now, we recall that
4 5 6 1 2 6
dgL-?—l = 7(1-31 + Sr(l+)1 = Tr(H-)l + TT(L-i-)l + ST(LJL )
and hence combining (99), (100), and (102) results in

2kL—1 2kL—1

STd | <o) Y lleallp +re(C(T, MY) +aC(T, M) . (103)
nnz;/én 01 nngzén

Finally, substituting the estimates (61), (80), (83), (96), and (103) into (79)
gives the bound

2kL—1 2kL—1
> dnga|| <TCMY) > llenlly + 7e(C(T, M) + aC(T, MY)) . (104)
n=1 n=1

n even Zl n even

Analogously, one can show a similar bound for the sum over the odd indices
resulting in the desired estimate (66).

6.4 Proof of Theorem 5.4

In the setting of Theorem 5.4, i.e. 7 = ¢k for k € N, we consider approximations
of the tDMNLS by the adiabatic exponential midpoint rule (32) as approxima-
tions of the limit system (25). According to Theorem 4.1, we have

IN

Hy(tn) —y™

ly(tn) — v(ta)llpn + H”(t") _ym

21 Iz

2
€
KC(T,a7 Ms) + Hv(tn) — y(”)

IN

(105)

/1
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Now, it remains to show that the numerical solution y™ yields sufficiently
accurate approximations of the exact solution wv(t,) of the limit system. For
this purpose, we require a technical lemma from [26] concerning estimates for
integrals over products of the function

exp(iwd) — 1

9u(0) = exp (—iwg(0)) — ) w#0, (106)

iwd
with a sufficiently smooth function.

Lemma 6.4 (cf. Lemma 1 in [26]). Lete >0, w # 0, f € C*(R), and let g,, be
as in (106). Then we have

<5 g b7 o)

[ sornutoras

/ f(eo)gw(o)do

and

(i) < —C max |w™! f(e0)| .

0  o€ll1,3]

Next, we define
V(tn -
V(tnyr) = < 1()(15:)1)) , en =yn — V(tn),
d, =é;, dpy1 = Mv(t,) = v(tps1) forn>1.  (107)
As in the proof of Theorem 5.3, this allows us to express the global error éy by
the recursion formula

N-1
éy = Myd; + Z Mn+1an+1

n=1

similar to (46). With (48) and (47), we obtain

exlly < TCT, M) + C(T, M Z [ (108)
In the following, we aim for the bound
Z |dne], < (5 + )@@ M) + (@ +a®)O(T, 113)) (109)

If (109) is shown, the desired result follows from the discrete Gronwall lemma as
in the previous proofs. In particular, we observe that the constant for the global
error bound improves as specified if « = 0. The key difference to the proof of
Theorem 5.2 is that higher order time derivatives of the solution v of the limit
equation exist. Hence, higher order Taylor expansions of v are available, whereas
we were restricted to the first-order time derivative y’ before. As in (53), we
have

dpit = (d”()“) . with  dpyq = exp (27 M) v(tn-1) — v(tnt1),  (110)
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where M,, is given by (42). Thus it remains to derive an estimate for the
non-zero part d,y; of d,,41. Thanks to the variation of constant formula we
have

V(tnt1) = €xp (2TMn)v(tn,1)

. /t nt1 exp (2(7_ _ S)Mn) (Alim(s’y(s)) - Mn) v(s)ds, (111)

n—

cf. (55). Henceforth, we abbreviate
ME = M, [7,0(t)]

in the spirit of (42). Substituting (111) into (110) and using the expansion (40)
gives

dy1 = _(‘i&)l + d512+)1 + J513+)1 + J514+)1 + Rps1) (112)
where
T .
dl, = / exp (2(7 — 8)My) (ME™ — M, )v(s) ds (113)
tn—1
- b, ,
dﬁl :/ (Ahm (s,0(s)) — M%m)v(tn) ds, (114)
tn—1
5 tnt1 , :
dfll = / (s —ty) (Ahm (s,v(s)) — M%’n)v’(tn) ds, (115)
tn—1
i = / - M (A (5. 0(s)) — M Yo(t,) ds (116)
n+1 — n ) n n I}
tn 1

Rt = / / / A (s, 0(5)) — ME™) " (2) o do ds
#7247 006 — i) s
b [ = M) et M) (A (000) = M)

From (38), (30) and (44) it follows that

3 a

with My given in (26), cf. (61). Moreover, we obtain

N—
d, |, <o) Z 1€l . (117)

NZ HR”“H < 7(O(T, Mo) + aC(T, My)) (118)

with (30), Lemma 3.1, (41), and Lemma A.1 (see Appendix). In the next three

steps, we derive bounds for dgw)rl, J(?’)l and dfﬂl

30



Step 1. A short computation yields

) b1

A2 = [ (A (s.009) — Als.vl0) o) d.
tn—1

and hence the m-th entry of dn+1 can be split into [Jﬁ?jl]m = [3(1) Jm— [5(2) Jms

with

B0 =13 / " 0 (5)Tk(5) — 05 (b (1) )1 (2)
Iy “tn-t

1
exp(~iuiyuinas) ds [ explisumdO)de,  (119)
0
- bt
S =1 0t Tk (ta) i (tn) / eXp(—iw[jim] 45)
Im bn1
1
<exp (—iw[jklm]<b (g)) — / exp(iw;kim) 08) df) ds
0

(120)

Further, we decompose [giﬁl]m = [Tfllﬁl]m + [bei)l]m with
1
(T4 Tm ZiZ/O exp(iw[jim) 6§) d&
Im

tn41
/ / v; (tn)0s (o) v (tn) eXp(fiw[jklm]as) dods (121)
1 tn
and

1
[T'r(zi-)l]m = IZ/O eXp(lW[jklm]éf) df
Im

tni1 s
/t /t V(o) (s)vi(tn) exp(—iwpkim)as) do ds .
n—1 n

Then, fixing v},(c) at o = t,, followed by fixing exp(—iw(jrimjcs) at s = t, yields
1 5(1 ~(2
(0 = (R0 o+ (B2 ], where

n+1 —12/ exp(iwp;pim) 0€) d€

n+1
/ / / )0y (02)v1(ty) exp(—iwpjkim)as) dog doy ds

and

n+1 —aZ/ exp(iwp;im) 0€) d€

tnt1 s
/ (s —tn) / Wijkim] V5 (tn )Ty (tn)vi (tn) €xp(—iw(jgim)o) do ds .

tn—1 tn

Because estimates for

|0 (0)TF (£)or (¢) exp(—iwprim)at)| = [v; ()T (B)ui ()]
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and
|wiikim]v; (E)T5, (8)vi (£) exp(—iwgmiat) | = |Wjkim)vs (8)T (H)or(t)]
follow from Lemma A.1 (see Appendix), we infer

HRSJ)Flel <7 (C(M) + aC(M3)) and Héﬁ)‘l”el < aC(M3).

Hence, we obtain

T, < 7 (cap) +ac())

Since an estimate for Tﬁr)l follows analogously, we get

N—1
3 [5,
n=1

H < 72(C(T, M) + aC(T, M3)) . (122)

In order to bound the sum over the terms S'T(izl, we aim to apply Lemma 6.4. For
fixed m € Z and (4, k,1) € I, we write w = W{jkim) and V(s) = Uj(s)ﬁk(s)vf(s).
Moreover, we define f,(s) = exp (—iwas). Then, any fixed summand of 57(12_21
reads

Vi [ 5 (o0 (w0 2)) - [ exp (iw€) ac ) ds

tn—l

— V(tn) / " (g (2) ds

tn—1
2k

=eV(tn) ; fuw(eo +tn_1)g9u(c)do

k 2
= V(tn)Z/O fule(o +2(k — 1)) + tn-1)gu(0) do

where g, is the 2-periodic function given in (106). Because ‘w_lfo’j(s)’ = a?|wl,
Lemma 6.4 implies

< 7'04250 [wV (t,)]
— 6 n 9

Z/ f“’ +2 Hﬁl))+tn—1)gw(0)d(f

and hence we obtain with the principle (16) and Lemma A.1 (see Appendix)

N-1 2
3 ‘S’%H <a? 5C(T,M§). (123)
n=1
Combining (123) and (122) yields
N—
Z 2L, < (5 + ) (@@ M) + (a+ 0T, M) . (124)
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Step 2. Since ftt"fll (5 — tp)MIimy/(¢,) ds = 0, we only have to estimate

Fixing Ali™ (s, v(s)) at s = t,, and bounding the remainder terms with Lemma A.1
(see Appendix) yields the estimate

N—l‘
n=1

JﬂlHZl < 72(C(T, MY) + aC(T, MY)) . (125)

Step 3. A short computation gives

dY, = / " 2r — 5)M,, (A“m(s, v(s)) — A (s, v(tn))>v(tn) ds

tn—1

B /tn+1 (s — o) M AT (5,0(t,))u(ty) ds

tn—1

One can estimate the first term in (126) analogously to the term (98). Moreover,
one can bound the second term by fixing A™ (s,v(tn)) at s = t,. Then, the
leading order term vanishes due to the symmetry of the integral and the remain-
der terms can be dealt with the principle (16) and Lemma A.1 (see Appendix).
Ultimately, we obtain the estimate

N-1
n=1 ‘

Finally, combining (117), (124), (125), (126) and (118) yields the desired
bound (109).

(4
a2y

Hﬁ < 72(C(T, MY) + aC(T, MY)) . (126)

A Appendix

Let y and v be the solutions of the tDMNLS (12) and the limit system (25),
respectively, and let

Yir(t) = y; ()7, (Owi(t)  and  Vip(t) = V;(6)Vi(t)Vi(t),

Lemma A.1. Ify € {2, then

@) DD |wgrm Yim(t)] < C(MY) for all te0,T],

MEZ Iy,

Suppose that Assumption 1 holds. Let v € €3, then

(i) ' (D)l < C(Mg) for all t€[0,T7,

(i) Y Y |wgrim Vin(t)| < C(M3) for all t€10,T7,
MEZ Iy,

(iv) (" (@)l < C(MF) + aC(MJ) for all te[0,7T],
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Proof. (i) Because
Wijkim] = _2(k2 + .]k - .]l + kl) for (.]a k7 l) €ly )

we obtain with the principle (16)

Z Z |wijrim) Yim(t)| =2 Z Z |(k? + jk — §1+ k)Y ()|

MEZ Im MEZ Inm

< 2(llyOlzy Iyl ey + 3 Iy )l gg Iy ()llz1 )
<C(MY). (127)

(ii) follows like (18) and (iii) is the same as (i).
(iv) Differentiating (25) yields

[v" ()] < Z Z |Vj/kl(t) — iwkm @ Vir (t)| (128)

MmEZL I,

and hence (ii) and (iii) yield the desired estimate.
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