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Abstract

We analyze nonlinear Friedrichs systems where the differential equation and the initial data contain the inverse of a
small parameter &, which causes oscillations with wavelengths proportional to € in time and space. In diffractive optics,
such problems have to be solved on time intervals with length of O(l /¢). Approximating the solution numerically with
a standard method is hopeless, because traditional methods require an extremely fine resolution in time and space. A
possible alternative is to replace the original problem by a new system of partial differential equation, which is more
suitable for numerical computations but still yields a sufficiently accurate approximation. Such models are often based on
the slowly varying envelope approximation or generalizations thereof. For applications in nonlinear optics, a rigorous analysis
of the accuracy of such approximations is of utmost importance. Ve show that under a number of natural assumptions
the error of the slowly varying envelope approximation is proportional to 2. For a higher-order generalization, we
improve the error bound from O(£2) to O(£3). Both proofs are based on a careful analysis of the nonlinear interaction
between oscillatory and nonoscillatory terms, and on a priori bounds for certain “parts” of the approximations, which
are identified by suitable projections.

Keywords
high-frequency wave propagation, nonlinear Friedrichs system, diffractive geometric optics, slowly varying envelope
approximation, error bounds, Maxwell-Lorentz system

I Introduction

I.l  High-Frequency Wave Propagation

High-frequency wave propagation in nonlinear, dispersive media can be modeled by Friedrichs systems of the form:

ou+A()u+ lEu = eT(u, u, u), t€(0,t,,4/€l, x € RY, (1.1a)
&
(0, x) = p(x)e®V/ 4 c.c., (1.1b)

with a trilinear nonlinearity 7 : R” X R" X R” — R" and a differential operator
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(d,n € N). We assume that the matrices A, ..., A; € R™" in (1.2) are symmetric, and that E € R™" in (1.1a) is skew-
symmetric. In the initial data, a smooth and localized envelope function p : R — C” is multiplied by a phase with a given
wave vector ¥ € R\ {0}. Here and below, “X + c.c.” means X + X, where X is the complex conjugate of X. An important
example in this class of problems is the Maxwell-Lorentz system, which is a classical model for the propagation of light in
a Kerr medium; cf. Colin and Lannes (2009), Colin et al. (2005), Donnat and Rauch (1997a), Donnat and Rauch (1997b),
Joly et al. (1996), and Lannes (1998, 2011).

The partial differential equation (PDE) (1.1a), the initial data in (1.1b), and the time interval involve a small positive
parameter € < 1. Although the nonlinearity in (1.1a) is multiplied by &, the problem (1.1) is strongly nonlinear, because
the length of the time interval is proportional to e!. In fact, by rescaling 7 = et and w(z,x) = u(t,x), we could convert
(1.1a) into the equivalent form:

a.w+ lA(z))w + %Ew =Tw,w,w), 7€ (0,1,4], x € RY, (1.3)
€ £

where the nonlinear term and the time interval do not depend on € anymore. However, we will consider the original version
(1.1), which is the representation considered, for example, in Baumstark (2022), Baumstark and Jahnke (2023), Baumstark
et al. (2024), Colin and Lannes (2009), and Lannes (2011).

The small parameter & accounts for different scales in time and space. The terms e*®*¥/¢ in the initial data cause
spatial oscillations with wavelength of O(¢), whereas p changes on a scale of (1), roughly speaking. As a consequence,
the solution u(t, x) is a wave packet with a high-frequency carrier wave modulated by a smooth envelope. Concerning the
evolution in time, the initial value problem (1.1) is scaled in such a way that nonlinear and diffractive effects appear on
long time intervals of length 7.,/ for some .4 > 0, whereas the envelope of the wave packet propagates with speed
O(1). The solution itself, however, evolves on a third scale, because the linear part A(d)u + (1/£)Eu of the PDE causes
rapid oscillations in time with wavelength of O(¢g). Because of the highly oscillatory nature and the long time interval,
an attempt to approximate the vector-valued solution u : [0,1,,4/€] X R — R" of (1.1) numerically with a traditional
method is bound to fail, because the time and space discretizations would require an extremely fine resolution and hence
an impracticable runtime. The equivalent form (1.3) does not have any advantage for numerical approximation, because
the e-independent time interval is counterbalanced by an extra factor 1/ in each term apart from the time derivative.

Remark 1.1. In this paper, we consider wave packets where the wavelength of the oscillations is much shorter than
the scale on which the envelope varies. This assumption excludes short or chirped pulses, which have been analyzed, for
example, in Alterman and Rauch (2000, 2003), Barrailh and Lannes (2002), Chung et al. (2005), Colin and Lannes (2009),
Colin et al. (2005), and Lannes (2011).

1.2 Slowly Varying Envelope Approximation (SVEA) and Generalizations

A feasible approach is to replace (1.1) by a different model, which can be solved numerically with significantly less efforts
and at the same time provide a decent approximation to u. Such models are often based on the SVEA or generalizations
thereof, which are derived as follows. For every f € R4, the matrix

d
A=) B,A, €R™
=1

is symmetric, and
L(a,p) = —al + A(p) —iE € C™" (1.4)

is Hermitian for all « € R and § € R?. Let k € R? \ {0} be the (given) wave vector, which appears in (1.1b), and
let w = w(x) be an eigenvalue of A(x) —iE (1.5)

Then, L(w, k) has a nontrivial kernel, and the pair (w, k) is said to fulfill the dispersion relation. We assume the following.
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Assumption 1.2. (i) The kernel of L(w, k) is one-dimensional.
(ii) The function p in (1.1b) has the structure

P =py+Ep; with py(x) € ker (L(w, x)) a.e. (1.6)

and py,p; € L®(R4, CM).
Assumption (i) is only made in order to keep the notation simple; cf. Remark 4.6. Assumption (ii) is a polariza-
tion condition, which was also imposed in a similar way in Baumstark and Jahnke (2023), Colin and Lannes (2009,

Theorem 1), Lannes (2011, Theorem 2.15), and other works.
As in Baumstark and Jahnke (2023), we seek an approximation of the form:

u(t,x) ¥ A x) = ) O ), =1, (1.7)
jegm
for J = {+1,+3,...,+m}, where m € N is an odd integer. The condition u_; = u; ensures that % is real-valued.

If we substitute (1.7) into (1.1), then the trilinear nonlinearity generates higher harmonics, that is, terms with prefactor
elx*=@/e for |j| > m. These terms appear only on the right-hand side of (1.1a), because all terms on the left-hand side
are linear. Ignoring higher harmonics and then comparing terms on both sides yields the PDE system

i.. .
Oy + = L(jo,ju; + AQ@u; =€ Y Ty, u,,u;) (1.8a)
€ Jithtis=j

forje J" =T AN, 1€ (0,1,4/el, x€RY,

with initial conditions
w(0,)=p,  u;0,)=0forje J"\ {1}. (1.8b)
The sum on the right-hand side of (1.8a) is to be taken over the set

{J = (J1ojasdz) € (T #T :=j, +j, + 3 =j}’

and T is now the trilinear extension of the real nonlinearity from (1.1a) to 7 : C" x C" x C" — C". It is sufficient to
consider positive j € J" = J™ n N instead of j € J in (1.8a), because the u; with negative index j are obtained from
the condition u_; = u;. For m = 1 and JWM ={-1,1}, we obtain the SVEA

u(t,x) ~ 7V, x) = ei(""‘_“”)/eul(t, x)+c.c., (1.9
with u; being the solution of
o, + L2, K, + A, = ¢ > Tw.u,u) (1.10a)
1 € ’ 1 1 | J1> 72 s
Jithti=1
=€ (T(ul, upu_y)+ Ty u_y,u)+Tw_y,uy, ul)) ,
u(0,7) =p, (1.10b)

as a special case of (1.7) and (1.8). Note that the initial data in (1.8b) are smooth, nonoscillatory functions, in contrast to
(1.1b). Hence, solutions to (1.8) can be discretized in space on a e-independent grid, which is a significant advantage over
(1.1). However, typical solutions of (1.8) do still oscillate in time due to the term (i/€)L(jw, JKu; in (1.8a).

For the error of the SVEA (1.9), (1.10a), and (1.10b), the bound

sup  lu(t, ) = T ) oo gy < Ce (1.11)
te[0,t.q/€1

was shown in Colin and Lannes (2009, Section 2.2). Under additional assumptions, one can replace the PDE (1.10a) by a
nonlinear Schrodinger equation without spoiling the error bound (1.11); cf. Colin and Lannes (2009, Corollary 2) and also
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Colin (2002), Donnat et al. (1996), Joly et al. (1998), Lannes (2011) and Schneider and Uecker (2017). This nonlinear
Schrodinger equation has the advantage that it does not involve € at all when considered in a comoving coordinate system,
and that it only has to be solved on the e-independent time interval [0, f.,4]. Hence, standard numerical methods can be
used to solve the nonlinear Schrodinger equation numerically, which then yields an ©O(g)-approximation to 7" and, via
(1.11), to the solution of (1.1).

In this paper, we consider the situation where an error of O(e) is not small enough to be acceptable. For the
approximation

u(t,x) = a3, x) = (ei(”"‘_”')/sul(t, x) + edier—en/ey X)) +c.c.
we have already shown the error bound

sup |lu(t, -) = 401, | po (i gy < CE” (1.12)
te[0,t, /€]

for some ¢, € (0, t,,4] in Baumstark and Jahnke (2023). The proof is rather long and technical because of the complicated
self-interaction of the oscillatory solution via the nonlinearity. Moreover, the approximation %®® is more complicated than
(1.9) because of the additional coefficient function u;.

1.3 Main Results

Numerical experiments indicate that the estimates (1.11) and (1.12) are both not optimal; see Sections 4.2 and 5.3. In this
work, we will prove the following stronger error bounds.
Main Results (Informal Version). Under a number of assumptions the inequalities

sup  [lut, -) = WO, )l oy < CE, (1.13)
1€[0,1,pq /€]

sup ””(t’ ) - 5(3)(1‘, ')”Loo(Rd,Rn) < C53, (1.14)
te[0,1, /€]

hold for some t, € (0,t.,4] and with a constant C > 0, which does not depend on &.

Mathematically rigorous formulations of these two results with a detailed specification of the assumptions are given in
Theorems 4.3 and 5.7. The bound (1.13) explains the error behavior which appears in numerical examples where a refer-
ence solution can be computed. Moreover, this inequality shows that the SVEA yields a significantly higher accuracy than
the classical nonlinear Schrodinger approximation, which has an error of O(¢). This fact was apparently not known until
now. The numerical experiment and the discussion in Section 4.1 indicate that the result is sharp in the sense that a higher
convergence order can in general not be expected; cf. Remark 4.5. The second error bound (1.14) states that in applications
where an error of 9(g?) is still too large, the refined approximation #® offers the possibility of reducing the error down to
O(€?) at the cost of higher computational work. Our error bounds are not only crucial for estimating the accuracy of the
reduced models in nonlinear optics, but also for deciding whether the SVEA %" or the refined approximation %® should
be used in a specific application.

Natural questions are whether and under which additional assumptions the approximations % with m > 3 have a
higher order of convergence than #®, and how much the order of convergence improves. Since these questions have been
discussed by the first author in Section 4.4 of his PhD thesis (Baumstark, 2022), we only give a short summary of the
most important findings. Numerical experiments for d = 1 suggest that increasing m does indeed increase the order of
convergence. Unfortunately, it is almost impossible to perform significant numerical tests for d > 1, because computing
a highly accurate reference solution would require immense computational ressources. On the analytical side, we were
not able to prove error bounds for %™ with m > 3 and d > 1 without making certain nonresonance assumptions. These
nonresonance assumptions, however, are not realistic as they do not hold for the Maxwell-Lorentz system, which is the
most important application in the problem class (1.1). We will return to this issue in Subsection 5.3.

1.3.1 Delineation From Other Results. In Donnat and Rauch (1997a), Joly et al. (1993, 2000), Rauch (2012), and other
contributions, asymptotic expansions of solutions to problems similar to (1.1) have been analyzed in the regime of geo-
metric optics, that is, for time intervals of length ((1). This differs from the regime of diffractive geometric optics, where
the PDE system has to be solved on time intervals of length O(1/¢), which is the situation we consider here. Approxi-
mations in diffractive geometric optics have been constructed in Donnat et al. (1996) and Joly et al. (1998) for semilinear
and quasilinear systems with a more general nonlinearity, but with €E instead of E/e in Donnat et al. (1996) and with
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E = 0 in Joly et al. (1998). Quasilinear systems with dispersion and dispersive problems with bilinear nonlinearity are
approximated in Lannes (1998) and Colin (2002), respectively, but without an explicit rate of convergence. In Baumstark
et al. (2024), we have constructed modulated Fourier expansions for (1.1) with nonlinear polarization of the initial data.
This approach is likewise based on the ansatz (1.7) and (1.8), but the nonlinear polarization considered in Baumstark et al.
(2024) means that p; depends on p, in (1.6), which excludes, for example, the case p; = 0. In the present work, p; and p,
are completely independent. Recently, another related but different way to construct approximations to (1.1) was analyzed
in Logioti et al. (2025). As in Baumstark et al. (2024), the approach does not require the solution of highly oscillatory
PDE:s, and in contrast to Baumstark et al. (2024), it can be extended to nonpolarized initial data. However, even for an
accuracy of O(¢'/?) a large system of coupled equations has to be solved. The book (Schneider & Uecker, 2017) provides
an extensive analysis of the approximation of PDEs by nonlinear Schrodinger equations and other modulation equations.

.4 Structure of the Paper and Notation

In Section 2, we specify the analytical framework, we review results on local wellposedness of (1.1) and (1.8), and we
introduce a transformation of the coefficient functions u;, which was already employed in Baumstark and Jahnke (2023).
The proofs of the error bounds (1.13) and (1.14) rely on the fact that for a certain projection P, the Fourier transform %, of
the coefficient function «, can be decomposed into an essentially nonoscillatory part P,z and an oscillatory but “small”
part (I — P,)u,. For the SVEA (i.e. for m = 1), we compile the corresponding results in Section 3. Then, in Section 4,
we prove the error bound (1.13) for the SVEA, and we corroborate this result by a numerical experiment. In Section 5,
we turn to the case m = 3. We show the error bound (1.14) and we give reasons why we observe an even better rate of
convergence in a numerical example with a one-dimensional Klein—-Gordon system.

I.4.1 Notation. Throughout the text, v - w = v*w is the Euclidean scalar product of v,w € C", and |v|, is the g norm
of v. The identity in R™" is denoted by I. For space- and time-dependent functions f = f(t, x), we will often denote the

mapping x — f(z,x) by f(¢) instead of f(¢, -). Likewise, we will omit the second argument of the Fourier transformj?(t, k) of
such a function. From now on, we will use the short-hand notation L' and L* for L' (R4, C*) and L®(R?, C"), respectively.

The symbol i = v/ —1 is the imaginary unit, whereas i appears as an index in a few formulas.

2 Analytical Setting

2.1 Wiener Algebra and Evolution Equations in Fourier Space

As in Baumstark (2022), Baumstark and Jahnke (2023), Baumstark et al. (2024), Colin and Lannes (2009), and Lannes
(2011), we will analyze the accuracy in the Wiener algebra

w={re (@) Ferh Wiy =1Fls = [ 170l & @1
R
of vector-valued functions. Here and below,f‘ = Ff denotes the Fourier transform

(P = @) 12 / Fetdr
Rd

of f. ForseNjanda = (ay,...,a,) € N? we define 9% = 0‘11‘ ...()Z" and
W'={feW:9f€ Wforalla € N’ |a], < s}, 1Al = D 10%Fllw-

lal,<s

It is well-known that W* is a Banach algebra with continuous embedding W < L*, cf. Colin and Lannes (2009,
Proposition 1) and Lannes (2011, Proposition 3.2).
In order to work in the Wiener algebra, we apply the Fourier transform to the PDE system (1.8a). This yields

0,1, k) + iﬁj(ek)ﬁj(r, =e Y T (@,.0,.0,) ¢k, (2.22)
#J=j

JjeJ™, 1€ 1,4/el, keR?
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with initial conditions

0,9 =p, 10,9)=0 forjeJ"\ {1} (2.2b)
and the notation
L(0) = L(jo.jk +0) = L0)+A©),  jeT™, 2.3)

T (1,0 ) () = 7’<T(”j, Uy Mjs)>(k)

1 “~ My 5 QN o @) 2 @ 4D
(2,,)(1/“@ /RdT(ujl(k ),ujz(k ),uh(k—k — k') dk'9dk,

cf. Baumstark and Jahnke (2023, Section 2.2). In (2.3), we have used that by definition the mapping f — A(f) is linear.
With the shorthand notation

K = (K, k?,k?) e R x RY x RY, #K = kY + k@ + k¥ e RY, (2.42)

and
/ T@;, k), @, (k), 7, (k) dK
#K=k
= / / T@; kW), 4, k), 5, (k — kO — k) dk® dk®, (2.4b)
R4 J R4 B ’

the Fourier transform of the nonlinearity can be expressed as

T (a,,a,.a;,) (k) = Qx)™ / T@; k), @, (k) 7, (k) dK. (2.5)
#K=k
Later we will often use that
|7G2B), < Cr RN BBl 2.6)

with a constant C, which depends on 7 and on n. Via trilinearity, we obtain that

|7 (AP - T @228, < CrIF = 2illul Bl 1 sl
+ CrIE L = &l L A5l
+ CrlR il Bl 155 = 351l @.7)

We set u_; = u; throughout, which implies that ii_j(t, k) = iij(t, —k). The system (2.2a) can be extended to j € J™
(including negative indices) if we define

L_j0)=-L(-0) forje T (2.8)

2.2 Local Wellposedness

The polarization condition (Assumption 1.2(ii)) is not needed to prove existence and uniqueness of solutions to the original
problem (1.1) and the PDE system (1.8). For the sake of consistency, however, we always allow for e-dependent initial
data of the form:

P =Pyt ep with py,p; € W° (2.9)
for some o € N. The value of ¢ will be specified whenever we refer to (2.9).

Lemma 2.1 (Local wellposedness of (1.1)). If py,p; € W, then there is a ty,y > 0 such that for every € € (0,1] the
original problem (1.1) with p = p, + €p, has a unique mild solution u € C([0,t,,4/€), W), which is uniformly bounded,
that is, there is a constant ¢ > 0 such that

sup  lu@®llw <c  foralle € (0,1].

t€[0,1,,q/€]
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We omit the proof, because Lemma 2.1 can be shown with the usual fixed-point argument. Other proofs for well-
posedness of (1.1) via approximation by the SVEA are given in Colin and Lannes (2009, Theorem 1) and Lannes (2011,
Theorem 3.8).

Lemma 2.2 (Local wellposedness of (1.8)). Let m € N be an odd integer.

(@) If (2.9) holds with o = 0 and C, > |lpollyw + Py llw, then there is a t.q > O such that for every e € (0,1] the
system (1.8) has a unique mild solution

{u; }jeji’”)’ u; € C([0, 1e0q/€), W),
which is uniformly bounded, that is,

sup Nlu0lly <Cpy  forallje T and all e € (0,1].

t€[0,tnq/€1

@) 1If (2.9) holds with 6 = 1, then the mild solution on [0, t..4/€] is a classical solution with

u; € C'([0, 1a/€]. W) 0 C([0, tepg /€], W1, jear,
sup |,y < C .
t€[0,t.pq /€]

(iii) If (2.9) holds with o € {2,3}, then

u € C°([0,1,,4/€l, W’) forevery¢ =0,...,0, jE Jim),
sup  |Ju;(Dllye < Cpppe (2.10)
’e[o’tcnd /E]

The constants C, ., ¢ € {0, 1,2, 3}, depend on the nonlinearity T and on t.q, ||pollwe. Py |lwe, but not on € € (0, 11.

For m = 3, a slightly different version of this result was shown in Baumstark and Jahnke (2023, Lemma 2.3). The
extension to arbitrary odd m is straightforward; cf. Baumstark (2022, Lemma 3.6.1). Wellposedness of the SVEA (m = 1)
was already proven in Colin and Lannes (2009, Theorem 1) and Lannes (2011, Theorem 3.8).

Although t,; does in general not have the same value in Lemmas 2.1 and 2.2, we will henceforth assume that solutions
to (1.1) and (1.8) exist on the same interval [0, 7,,4/€], as suggested by our notation. This is not a restriction as one can

always consider the smaller one of the two possibly different intervals.

2.3 Eigendecompositions

The highly oscillatory behavior of the coefficient functions ’lij originates from the linear part (i/€)L j(ek)’u‘j(t, k) in (2.2a).
It is thus not surprising that the eigendecomposition of £,(0) = L(jw,jk + 0) plays a crucial role in our analysis. As in
Baumstark and Jahnke (2023, Assumption 2.2), we assume the following.

Assumption 2.3. (i) The matrix L(0, f) = A(p) — iE has a smooth eigendecomposition: if w,(f) is an eigenvalue of
L£(0, p) for some ¢ € {1, ...,n}, then w, € C®*(R?\ {0},R), and there is a corresponding eigenvector ¢,(B) with
¢, € C*(R?\ {0}, C"). With no loss of generality, we assume that |¢,(f)|, = 1 forall p and all ¢ =1, ... ,n. The

enumeration is chosen in such a way that = w,(x) in (1.5).
(i) Every eigenvalue w,(p) of L(0, p) is globally Lipschitz continuous, that is, there is a constant C such that

lw,(B) — w,(B)| < C|B—Bl, forall B, p€R and ¢ =1,... ,n.
(iii)  The eigenvalue w = w, (k) is bounded away from the other eigenvalues: There is a constant C > 0 such that

lo —w, ()| >C  forall feRYand ¢ =2,...,n.
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Assumption (i) corresponds to Assumption 2 in Colin and Lannes (2009), whereas Assumption (iii) is a part of
Assumption 3 in Colin and Lannes (2009).

Remark 2.4. Explicit formulas for the eigenvalues in case of the Maxwell-Lorentz system and the Klein—Gordon system
are given in Colin and Lannes (2009, Examples 3 and 4), and one can check that the Assumptions (i) and (ii) on the
eigenvalues are true. Assumption (iii) is true if we choose w to be the largest or smallest eigenvalue in (1.5).

Forj € J" and every 6 € RY let

£,(0) = W/(O)A,0)¥(0) 2.11a)

be the eigendecomposition of (2.3): the real diagonal matrix
Aj(0) = diag(4;,(6), ..., 4;,(0)) € R™" (2.11b)

contains the eigenvalues /ljf(()) € R of Ej(H), and

Yi(0) = (w;1(0) | - | w;,(0)) € C™" (2.11c)

is unitary with the corresponding normalized eigenvectors u/jf(ﬁ) € C”" in its columns. By Assumption 1.2(1) £,(0) =
L(w, x) has a one-dimensional kernel, and we choose the enumeration of the eigenvalues and eigenvectors in such a way
that A;,(0) = 0 and ker £,(0) = span{y,(0)}. Equation (2.8) implies that ‘P_j(G) = ‘I’j(—0) and A_j(G) = —Aj(—H) =
—A\(-6).

*i"he matrices £(0,jx + 0) and L(jo, jx + 0) = —jwl + L(0, jx + 8) have the same eigenvectors, and their eigenvalues
w,(jk + 0) and 4,,(0) = —jo + w,(jk + 6) differ only by a shift. Hence, it follows from Assumption 2.3 that 4, €
C¥RY\ {—jx},R) and y;, € C*(R*\ {—jK},C") with

|4;,(8) — 4;,(8)] < C|0 - 8], forall 0,0 € RY, (2.12)
A1) = C forall f € RYand# =2,...,n. (2.13)

2.4 Transformation of the Coefficient Functions

The strategy in the proofs of (1.13) and (1.14) is, roughly speaking, to distinguish the oscillatory “parts” of the solution
from the nonoscillatory ones, and to carefully analyze how these parts interact in the nonlinearity. For this purpose, the
following transformation was introduced in Baumstark and Jahnke (2023).

Let U™ = {u;} jegen be the solution of (2.2) for € € (0, 1]. Forevery r > O and k € R4, we define

Gtk =S, (. oib, k) =zt-k, jeT” (2.14)
with transformation matrix
it * . it : -
Sie(t.k) = exp (260 Wy (ek) = Wi ebyexp (FLieb)) . je I, 2.150
S_j et k) := S; (1, =k). (2.15b)

It follows from (2.14) and (2.2a) that

dz()=€ ) F (t, fJ<m),J) . U™ = (@),
#=j

(2.16)

g™

where F is given by

F. 0™, 0) =S8, (0T (@,.,.7,) (0. J = (ojords) € TP, j=H#J. 2.17)
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By means of the inverse transform 7; (t k) = Sj* (t, k)z (t, k) we could turn (2.16) into a closed system of evolution equations
for {z;},c yon, but with a rather comphcated right- hand side. The initial conditions are

Wi (ekpl) ifj = 1,

2.18
0 ifje g™\ {1}, @18)

according to (2.2b), (2.14), and (2.15).
The transformations (2.14) and (2.15) are motivated by the fact that in the linear case, the exact solution of (2.2) is

(k) = ST, (1, k5, 0.k)  for T+, ) =0,

because z,(r) = z;(0) is constant in time for T(-+,-) = 0 according to (2.16) and (2.17). But even in the nonlinear
case 7(-,-,+) # O the right-hand side of (2.16) is formally only O(¢) instead of ((1/¢€) in (2.2a), because the linear
part (i/ e)Ej(sk)ﬁj(t, k) is cancelled by the transformation. The transformed functions z; do still oscillate in time, but the

oscillations appear on a much smaller scale, and in this sense, z is smoother than iij.

2.5 Projectors

Recall that by Assumption 1.2(i), the matrix L(w, k) = L£,(0) has a one-dimensional kernel spanned by y,(0). This is the
reason why the first eigenspace of the matrix L, (ek) = L£,(0) + €A(k), which appears in (2.2a) will play a special role in
our analysis. We denote the orthogonal projection onto this eigenspace by

PP, Pk =y, ey (k) € (2.19)

£

and the projector onto the orthogonal complement by Pj = [ —7P,. Assumption 1.2(ii) is equivalent to POL’p\ = EPOLZSI ,and
for py,p; € W' it was shown in the proof of Lemma 3 in Colin and Lannes (2009) that

PPl < Celllpyllw + 1VPllw) < Celllpollw + 1P llyo)- (2.20)

For the transformed function (2.14), we obtain from (2.15) that

~ it "
P (kyu,(t, k) = y,,(ek) exp (—lg/lll(ek)> 2 (k) = S7 (1, )Pz, (1, k), (2.21)
where z;,(¢, k) is the first entry of z,(z, k) € C" and
P:C"=C", (Wp,...,w) = w,0,...,0)7 (2.22)

n

is the orthogonal projection of a vector w onto span{(1,0, ...,0)T}. For P* = (I — P) the estimate (2.20) yields

1P*2,(0, )l < Celllpollys + Iy Il (2.23)

because with (2.21), we obtain

PY7,(0,-) = 7,(0,-) = P,(0, ) = S, (0, P (k)i (0, k).

2.6  Useful Identities and Inequalities

Throughout, we will frequently use the following facts. Since we have chosen the Euclidean vector norm | - |, to define
| ;1 in (2.1), the norm ||f|| Iz off € L! is invariant under multiplication of f(k) € C" with a unitary matrix S(k) € C"™".
This means, in particular, that for the transformed functions z;(7,k) = S, (7, k)ﬁj(t, k) from (2.14) the identities

|2t By = i (t, k)l izl = @Ol = luOlly (2.24)
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and, via (2.21), the equations

|P21(t, k)|2 = |P5(k)i¢\1(f, k)|2, ||P21(t)”Ll = ||7)£/121(t)||L|,
|Przy (1, k)|, = [P0, (1, k), 1Pz, )l = IPFa, )]l (2.25)

hold for all t > 0, k € R?, and € € (0, 1]. Moreover, we will use that for all w € C" and f € L' the inequalities

[Pwly < [wly, 1PN < N fllpas (2.26)
[P (K)wl, < |wly, WP AUl < WAl (2.27)

hold, as well as the same inequalities with P and P, replaced by P+ and PEJ-, respectively.

3 Why P.u, is Smooth and P4, is Small in the SVEA
In this and the next section, we analyze the SVEA (1.9)—(1.10), which corresponds to setting

m=1, Jm=gY=(-1,1}, JV=(1)

in (1.7), (1.8), and (2.2), respectively. Our main goal is to prove the error bound (1.13), which will be achieved in Section
4; cf. Theorem 4.3. This proof is based on a number of auxiliary results, which we compile now. We start by quoting two
important inequalities from Colin and Lannes (2009).

Lemma 3.1. Letm =1, let 6 = 1 in (2.9), and let u; be the classical solution of (1.10), which was established in Lemma
2.2(ii). Under Assumptions 2.3 and 1.2(i), there is a constant C such that

sup |I0,P.u; (Dl <C. (3.1)

1€[0,t,pq /€]

The constant C depends on C, | from (2.10) and thus also on t,.4, but not on € € (0, 1].
Proof. See Colin and Lannes (2009, Lemma 2). O

Proposition 3.2. Let m = 1 and let u, be the classical solution of (1.10) with initial data of the form (2.9) with ¢ = 1.
Under Assumptions 1.2 and 2.3, there is a constant C such that

sup |IPli (o)l < Ce (3.2)

t€[0,tnq/€1

forall e € (0,1].
Proof. See Colin and Lannes (2009, Lemma 3). ]

In Baumstark (2022), a similar result was shown without Assumption 2.3(iii), but on a possibly smaller interval [0, 7, /€]
for some ¢, < f,.4.

These results can be interpreted as follows. The term (i/€)L, (k)i (1, k) in (2.2a) suggests that formally 0,1, = O(1/¢).
Lemma 3.1 shows, however, that the time derivative of the projected part P, is bounded uniformly in €. Hence, we
can consider P.%, as “the nonoscillatory part of #,,” although strictly speaking this interpretation is not correct, because
oscillations in P, %, can still be detected on a very small scale; cf. Remark 3.6 at the end of this subsection.

For the time derivatives of the other part P17, = %, — P, a corresponding result does not hold, which means that
d,Pjﬁl = O(1/¢) in general. Proposition 3.2 shows, however, that ||Pjﬁ1 (®|lr = O(e) even on the long time interval
[0, £,q/€]. Hence, we can think of 1%, as “small but oscillatory™ in the sense that its time derivative is much larger than
Pla, itself. Exploiting the different properties of 7,7, and P27, will be crucial in the proof of Theorem 4.3 in Section 4.
Before that, we have to extend Lemma 3.1 and Proposition 3.2 to a stronger norm.
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Let D, denote the Fourier multiplier (Dyv’f/)(k) = ikﬂv’f/(k) for u € {1,...,d}. We want to show that under stronger
regularity assumptions Proposition 3.2 remains true when Pjﬁl () is replaced by DMPELYII(I); cf. Proposition 3.4. This
corresponds to an extension of the inequality (3.2) from

1P Ol = 17~ P )y
to the stronger norm
d
1P 2,0l + YD, P Ol = IF P )y
u=1
As a first step, we prove the following counterpart of Lemma 3.1.

Lemma 3.3. Let m =1, let 6 = 2 in (2.9), and let u; be the classical solution of (1.10), which was established in Lemma
2.2(iii). Under Assumptions 2.3 and 1.2(i), there is a constant C such that

sup 19,0, Peit; i < C.

t€[0,t,nq/€1

The constant C depends on C,,, from (2.10) and thus also on t.,, but not on € € (0, 1].

Proof. The proof is similar to the proof of Lemma 3.1. We choose u € {1,...,d} and apply D, P, (k) to both sides of
(2.2a) with j = m = 1. This yields

9,D, P, (kyii, (t, k) = —éDHPE(k)El ()it (1, k) + €D, P(k) D" T (.1, ;) (2, k) (3.3)
#J=1

for all 7 € (0, .,q/€] and k € RY. The first term on the right-hand side is
—éD”PE(k)El(sk)ﬁl(t, k) = —éﬂ“(sk)Pe(k)D”ﬁl (t, k) 34
because of (2.19) and (2.11). The Lipschitz continuity (2.12) of the eigenvalues and the fact that A;,(0) = 0 yield
|41 (€K)| = |4y, (k) — 41, (0)] < Celk];,

and together with (3.4) and (2.27), this gives
i ~ ~
HgDﬂpgﬂl(g-)ul(t)”Ll < C/Rd ||, |P,(0)D, 2, (1, k)1, dk
R4

with C, , from Lemma 2.2(iii). For the nonlinear term on the right-hand side of (3.3), we have

DT (&,,u,,u,) =T (D, u,,u ) +7T (4,D,0,,0)+7T (@,0,,D,4,), (3.6)

12 Y0 s uoi Vi U’ Vs

which corresponds to the product rule. Since there are three multiindices J € (J1)® with #/ = 1, namely
(1,1,-1),(1,-1,1),(-1,1, 1), we obtain with (2.6) and (3.6)

eHDMPE 3T (w00, (I)HLI <9eC,C3 . (3.7)
#J=1
The assertion follows by combining (3.3), (3.5), (3.7), and using that € < 1 by assumption. O

With Lemma 3.3, we can now show the following extension of Proposition 3.2.
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Proposition 3.4. Let m = 1 and let u, be the classical solution of (1.10) with initial data of the form (2.9) with ¢ = 2.
Under the assumptions of Proposition 3.2 there is a constant C such that

o D, P, (1)l < Ce (3.8)
foralle € (0,1]and all u € {1, ...,d}.
Proof. Choose a fixed 4 € {1,...,d} and set
W1, k) = (D, Pt k) = ik, Pk, (¢, k). (3.9)

We apply D, P to (2.2) with m = j = 1 and use that P commutes with £, (gk). This yields

0,5(1) + = £ (€)= € ZD PET (W, 0,1, (),
#/=

%0) = Dﬂpjﬁ

with £, (e -) denoting k — L, (ek). Now we adapt the proof of Proposition 3.2. With Duhamel’s formula and the short-hand
notation

T (4, = T(ii-],ﬂjz,fih) for J = (j;, /2. J3)s
we obtain
20 =M@ + 9@ + @)
with the three terms

() = exp (—l—tﬁl(e )D PLp,

Wi =e Z / exp (
#=1

Wl =e Z / exp (
#=1

L(e )> (PET (P (s)) ds

Ly )> D,P [T (,9)) = T (P.it,(s)) ] ds
We will show that

@), < cle+c26/ “v(s)“ ds  fort€[0,1,/eland = 1,2,3 (3.10)
with constants ¢; > 0 and ¢, > 0, which do not depend on € € (0, 1]. If (3.10) is true, then applying Gronwall’s lemma

and using that €1 < 7.4 proves that sup,cj, /¢ POl < Ce which, via (3.9), is equivalent to (3.8).
For the first term $t11(¢), the inequality (2.20) implies

|, = P05l < Celipgll: + lpilye),

which verifies (3.10) for y = 1 (with ¢, = 0).
For the third term 971(¢), we infer with (2.27), (3.6), (2.7), and Proposition 3.2 that

Il < 33/ ”D T (a,(s)) = D, T (P.,(s)) ” ds
<ce [ ([ -rac], +[pao-pra0],)

e [/ (o, +[ol, ) o

t
< C18+C2€/0 ||v(s)||Ll ds
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with constants ¢y, ¢,, which depend on C7, C,, ;, and in case of ¢; also on the constant from (3.2).

Now we consider the second term P?!(¢). Since there are three multiindices J € (J() with #J = 1, we obtain

POl < 3¢ / | / (

) (D, PrT (P))) (s.k) ds’z dk

_3£/ / exp <‘(S )E NG k)) PH(k)q(s, k) d9| dk (3.11)
R4 0
with the abbreviation

4(s,k) = (D, T (P.1i,)) (s, k). (3.12)

The goal is now to integrate by parts to gain one additional factor e, which is then used to compensate the long time
interval. However, this requires some care, because the matrix £, (0) = L(w, k) is singular; see (1.5) or Assumption 1.2(i).
What saves us here is the projector P‘;L (k) in (3.11). For every k € R?, the restriction of L (gk) to the subspace Pj(k)C” is
given by

L7 (k) : PH(K)C" - PH(k)C",

Ly (ek) = L,(eb)P, (k) = Z A€y (eb)yry, (€k).
=2

By (2.13), this mapping is regular with uniformly bounded inverse

n

(LHek) ™ PHOCT = PHOCT,  (LHe) T =)

1
(el (ek).
247 e Ve

The presence of Pj(k) in (3.11) allows us to replace L(gk) by Ell(sk) and to integrate by parts in the inner integral of

(3.11). This yields

< ’T £1l(ek))‘1 Gtk - = exp (—lzf,ll(gk)) (£1eh) ™ 30,0
+'§/ exp(l(s i k)> (£3(ek) ™" 0,4(s. k) ds
0

t
< CE(I/Q\(Z, k)|2 + |2]\(0a k)|2> + Cf/ |at/q\(s’ k)IZ ds’
0

Ly k>> P(q(s. k) ds],

and substituting this into (3.11) leads to

P20, < Ce (||a(z)||u + ||§(0)||Ll) + Celypq  sup  [10,G(5)II - (3.13)

5€[0,tnq/€]
With (3.12), (3.6), and (2.6), we obtain that
IGO0 = 11 (D, T P.21) Olly <3C,C) ML 1301 <3C,C L (3.14)

and that

180G = 10,D, T (Peity(s)) ll
< 6Cr10, Pty ()l 1 1D, P ity ()| 1Pty ()]
+3C7 10,0, Pt ()l o 1Pt ()11,
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Since ||9, P, (s)|l 1 and [|9,D,P,1;(s)||,: are uniformly bounded by Lemmas 3.1 and 3.3, respectively, this shows that
10,G(s)|l,: is uniformly bounded in s € [0, ¢.,4/€] and € € (0, 1]. Combining this with (3.14) and (3.13) yields (3.10) for
n = 2. This completes the proof. 0

Before closing this section, we prove that even the second time derivative of P.#, (¢) is uniformly bounded. This some-
what simple observation will be crucial for showing the error bound for the SVEA; cf. (4.28) in step 4 of the proof of
Theorem 4.3.

Lemma 3.5. Letm =1, let 6 =2 in (2.9), and let u, be the classical solution of (1.10). Under Assumptions 2.3 and 1.2(i),
the second time derivative of P,u,(t) is uniformly bounded, that is, there is a constant C such that

sup ||8t2736’ﬁ](t)||y <C.

t€[0,t,pq/ €]

The constant C depends on C, , from (2.10) and thus also on t.q, but not on .
Proof. Applying P,(k)d, on both sides of (2.2a) with j = m = 1 gives

P, (k)o%i, (1, k) = —ipg(k)ﬁl(ek)a,ﬁl(t, k) + eP (k) 2 o7 (a,.u;,u; ) (t,k)

#J=1

for t € (0,1,,4/¢] and k € R?. By adapting the arguments from the proof of Lemma 3.3, we arrive at the bound

. d
1 A~ ~
|2P.L1(e002, (10|, < CIKI, [P0, 0.0, = c;

0,0, P,y (1K)

for the first term. For the nonlinear term, the product rule yields

aIT (ajl’ajz’ajs) =T (afajl’ajz’ah) +7 (ajl’a’ajz’ajs) +7 (ajl’ajz’ afﬁjz) ’

and with (2.6) we obtain

d
10273l < € Y 0D, Py @), +9eCrIo@ Ol 1 @I,
p=l

Now the assertion follows from Lemma 3.3 and the fact that ||0,%,(¢)||,; < Ce~'. O

Remark 3.6. By taking more derivatives of (2.2a) and proceeding as in the proof of Lemma 3.5, it can be shown that
o P, (D)l = O*) for £ > 3. Hence, higher-order time derivatives are not uniformly bounded, which means that
our interpretation of P, as the nonoscillatory part of %, is only true to a certain extent.

4 Convergence Analysis for the SVEA

With the results from the previous section we are now in a position to prove the error bound (1.13), where (! is the SVEA
(1.9)—(1.10). We assume that p has the form (2.9) with ¢ = 2. Then, by Lemmas 2.1 and 2.2, there is a constant C,, such
that
sup sup |lu®lly <C, and  sup sup [Py < C, 4.1)
£€(0,1] 1€[0, 1oy /€] €€(0,1] t€[0tepa /€]
The error bound requires the following assumption on the eigenvalues of £,(0) = L(jw, jK).

Assumption 4.1 (Nonresonance condition). The matrix L(3w,3k) is regular and has no common eigenvalues with
L,(0) = L(w, k), that is, 13;(0) # A,,(0) forall i, € {1, ... ,n}.

Remark 4.2. As mentioned earlier, explicit formulas for the eigenvalues in case of the Klein—Gordon system and the
Maxwell-Lorentz system can be found in Colin and Lannes (2009, Examples 3 and 4). For these applications, one can
check that Assumption 4.1 holds if the chosen eigenvalue w = w(x) is not constant with respect to k.
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4.1 Improved Error Bound for the SVEA

The following theorem is our first main result. It states that the SVEA converges with second order. We recall that the
SVEA (1.9)—(1.10) is identical to (1.7)—~(1.8) withm = 1 and J = {—1,1}.

Theorem 4.3 (Error bound for the SVEA). Suppose that (2.9) holds with ¢ = 2, and let u be the solution of (1.1). Let u,
be the classical solution of (1.10) established in part (iii) of Lemma 2.2, and let UV be the approximation defined in (1.9).
Under Assumptions 1.2, 2.3, and 4.1, there is a constant C such that

sup  [Ju(®) = aP @)y < Ce?, (4.2)
1€[0,t,pq /€1

sup  |lu(®) = # V(@) < Ce? (4.3)
1€[0,t.q/€]

The following lemma is a preparation for the proof of Theorem 4.3.

Lemma 4.4. Let R be the residual of the approximation UV, that is,
R = TGV, 7™M, 70) - (a,’ﬁ<1>(z,x) +A@EY + 1E a‘”),
€
and let R be its Fourier transform. If the inequality

/0 exp (6-n(ia0)+ %E))IA?(S) as|, < ce 4.4)

sup
1€[0,t,q/€]

holds with a constant C, which does not depend on g, then the error bounds (4.2) and (4.3) are true.

Proof of Lemma 4.4. We will prove that (4.4) implies (4.2). Then, the second error bound (4.3) follows directly from
(4.2) via the embedding W < L*®. By definition of R, the difference 6 = u — %" is the solution of
0,6 = —A(0)5 — iEé +e [Tu,u,u)— TV, 7", 7")] +R, (4.5a)
5(0) = 0. (4.5b)
Now we investigate the structure of the residual. By (1.9), the approximation %" can be expressed as
WO (1, x) = O ey (¢, x) + e ey (1) = ) VO ey ).
jegm

Substituting this into the left-hand side of (1.1) and using (1.10a) yields

0,V (1, x) + ATV (1, x) + 1g 7V, x)
&

= 2 eij('“‘_“”)/f(dtuj(t, )+ 2 L(jo, JOu(t,x) + A@)u(t, x)>
E
jeJU)

—¢ z Z VT u, ;) (8, %), (4.6)

jeJW #I=j

whereas on the right-hand side of (1.1), we obtain

eTGO, 70, T ) =€ Y, MO Ty g u ) x)
Je(gm)y3
—¢ 2 2 VOO T (1 )1, ). 4.7)

jodd #7=j
ljl<3
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The only difference between (4.6) and (4.7) is that the terms with j = +3 are missing in (4.6). These terms are exactly the
higher harmonics, which were omitted in the derivation of (1.8) and hence of the SVEA. Equations (4.6) and (4.7) yield

the representation

R(t,x)=¢ Z Z eij(x-x—wt)/eT(ujl N uj;)(t, x)

je{£3) #=j
of the residual.
Since (4.2) is equivalent to
sup (160l < Ce2, (4.8)
1€[0,t4pq /€1

we need an evolution equation for 5 = F5. In Fourier space, (4.5a) reads
0,5(1,k) = <1A(k) + —E) 5t k) + €6 (Fu, FuV) (1, k) + R(t, k) (4.9)

with
G (Pu, Fi™) = T (Fu, Fu, Fu) — T (Fa®, Fa®, Fah) ,
R(I k)y=c¢ Z Z 7—’ T( NN )el]K x/e) (, k)e—ywz/g

JE{£3} #I=)

e Y Y rTa,. <tk Ix ) e, (4.10)

JE{£3} #I=)

and with 7 defined in (2.5). We apply Duhamel’s formula to (4.9) and use that 3(0, k) = 0 to obtain
~ ! 1
5tk = ¢ / exp <(s ) (iA(k) + -E)) (Fu(s), FiV(s)) (k) ds
0 &
t
+ / exp ((s — 9 (iA(k) + lE))fe(s, k) ds. “.11)
0 &

For every k € RY, the matrix iA(k) + E/¢ is skew-Hermitian, and hence exp(t(iA(k) + E/¢)) is unitary for every t € R.
The first term on the right-hand side of (4.11) can thus be bounded in L' by

) L

=£// ’g Fu(s), Fi(s)) (k)| dk ds
0 Jre

exp <(s—t) (iA(k)+ iE)) (Fu(s), FiV(s)) (k)| dk ds

1
<3c,C e/ 16(s)]|,: ds. (4.12)

0
In the last step, we have used (2.7) and (4.1). Now it follows from (4.11), (4.12), and (4.4) that

~ 4 ~

16l < CC: e / 16(s)|l,: ds + Ce?,
0

and applying Gronwall’s lemma yields the desired inequality (4.8) with a constant, which depends on C, and ¢,4. O

The central task in the proof of Theorem 4.3 is thus to prove (4.4). Equation (4.10) shows that ||f€(s)|| o = O(¢g), but
straightforward estimates yield only

/O exp (6-n (a0 + éE))?e(s) as|| , < L /0 t [k, as

t
<=4 sup

T € 1€[0,tnq /€]

sup
t€[0,t,pq /€1

ie(s)”Ll <cC.



Baumstark and Jahnke 17

Compared to this simple bound, we have to gain a factor of £2. This is where the real work starts.

Proof of Theorem 4.3. In view of Lemma 4.4, we have to prove (4.4). The strategy, notation, and presentation are very
similar to the proof of Theorem 4.2 in Baumstark and Jahnke (2023), but there are some crucial differences which we
point out below. O

Step I. In this step, we express the integral term from (4.4) in an appropriate way. We use (1.4), (2.3), and (4.10) to
obtain

/0 Cexp (6-0 (iA(k) + iE))f?(s, k) ds

_ e/otexp ((s —1) (iA(k) + éE)) > Y ra, (s k- —> eios/e g

JE{£3} #/=)
—ijoot/ /x
— geiot/e Z Z exp (s - L (jo, £k)> T (@ u;,u) (s, k——) ds
JE(£3} #I=] - ¢
— gelior/e z Z / exp (s —HL; (£k,)> T( /3)(S’ k') ds
JE{£3} #/=)

with the shifted variable k' = k—jx/e. In order to keep the notation simple, we write again k instead of X’ in the following.
Since later we integrate over k, the difference between k and k&’ does not really matter.
With (2.17) and (2.15), we can represent the integrand as

exp (106~ DLER) ) 7@, 8,.8,)05.) = exp (~LL2,(6k) ) ¥ eRF (s, (7)), )0
=87, (t, F (s, {1, }, D).

Since §7_(7) is unitary and does not depend on s, it follows that the term which appears on the left-hand side of (4.4) can
be bounded by

t
. 1.\ 5
”/ exp ((s— ) <1A(-)+ gE))R(s) ds||L] <e ||/ FGs, (3, ),0) ds“ (4.13)
0 3} #/=j
Step 2. The goal in this and the following steps is to prove that
sup ” / Fs, {1 J) ds” < Ce. (4.14)

€0, ’end/E]Je +3} A=

If (4.14) holds, then the crucial inequality (4.4) follows via' (4.13), which then completes the proof of (4.2). The sum in
(4.14) is taken over multiindices J € (J)? = {1,—1}3 with #/ = j € {3, —3}. There are only two possibilities, namely
J=(,1,1),j=3and J = —(1, 1, 1), j = —3. Since both cases can be treated mutatis mutandis, we will only consider the
first one, thatis, J = (1, 1, 1), j = 3, and thus

F(s, (@1}, ) = S5, ()T (8,8, 8;) (s).

We have to show that

sup
1€[0,enq /€]

/ Sy (T (@), 8,,8,) (5) dsHU < Ce. (4.15)
0
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In order to use Proposition 3.2, we decompose the nonlinearity into eight parts

T (4,.8,8,) =T (P2, Pa, Pa,) + T (P4, Pa, Pra,)
+ T (P, PHa,, Pay) + T (P, Py, P, )
T (P PL P T (P10 P PR

+ T (PHA,, PAAL PAL) + T (PrAy, PLL P )

The last four terms are those where Pjiil appears in at least two of the three arguments of 7 (-, -, -). These terms are ((g2)
because of Proposition 3.2, and their contribution to the left-hand side of (4.14) can be estimated in a straightforward way.
For example, (2.6) and the fact that S; ,(s) is unitary yields

|| /Oz SS,S(S)T (Pj‘ﬁl, Pj‘/ﬁl, 7)6/121) (s) dSHLl

t
<Cs / (lleii,(s)llLl P2, ()]l ||7J£al(s)||y) ds < Cte? < Ct, 4¢.
0
For the first four parts of 7 (d,, 4, i) the analysis is much more involved. We have to prove that

t
|| / S5 T (PHy, Pt Py ) (s) ds”Ll < Ce, (4.16)
0

“ /0 tslé(s)r (P.a,, Pt P4y) (s) ds”Ll < Ce, 4.17)

because bounds for the terms involving 7 (P, 1, P11, P, i) and T (P, P, u,, P}i,) can be shown in the same way as
(4.16).

Step 3. In this step, we prove (4.16). To accomplish this, we have to identify the oscillatory “parts” of the integrand.
We use that (2.21), (2.14), and (2.15) yield the representation

n

~ " it
PLy(1.k) = S (P 2,1 k) = Y exp (-‘Zalf(ek)> 200t Ky (€K), (4.18)
=2

where again 4,,(gk) is the £-th eigenvalue of L£,(gk) and v, .(gk) is the corresponding eigenvector, as defined in (2.11).
Combining (4.18) with (2.15) and (2.5) results in

t
/ Sse(s. T (P, Py, Py ) (s.k) ds
0

t .
- # / exp(lzsA3(£k))‘P§(ek) / T (P12, (5, k), P2ty (5, k), Pt (5, kD)) dK ds
0 #K=k

=y / / exp(i—S[A3(£k)—/llf(sk(l))l]) £, (5. K) ds dK
7> J#Kk=k JO €

with the shorthand notation from (2.4), and with

1

fzs,f(&K) = (27[)d

Wi(ek)T (2145, Ky (kD) Pty (s, k), P (5, k1))
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where k = #K. Taking the norm yields

” /0 S5 )T (P12, Py, P ) (5) ds”Ll

=/Rd

n t is _ )
SZE/W /#H‘/o exp(5 [As(ek) — A, (ek )1])];,/0(&1() ds|2 dK dk. (4.19)

t
/ S3 (. T (P, Py, Py ) (s.k) ds|2 dk
0

Now we focus on the inner integral. The exponential function
5> exp (l—s [As(ek) - llf(sk(l))l])
€

in (4.19) oscillates if all diagonal entries of the diagonal matrix A;(gk) — 4,,(ek'")I are bounded away from zero, but we
cannot expect this to be true for all k, k' € R?. For this reason, we define

A0,00) = Ay(0) — 4,061,  for 6,0V € R,

8e (5K = oxp (2 [A, ek, k) = 8,0,0)] ) £ (5. K)
and reformulate the inner integral in (4.19) as
t . t .
| / exp (g [As(k) = 4, (k)] )fgf(s, K) ds|2 - | / exp (gAf(o, 0)) 2.,(5.K) dsjz. (4.20)
0 0
By Assumption 4.1, the diagonal matrix
A,(0,0) = Ay(0) — A,,(0) = diag</131(0) — A 0), sy Ay, (0) — /11{(0))
is regular for all #. Hence, we can now integrate by parts to obtain
! is
) / exp (-Af(o, 0)) g, /(5. K) ds’
0 £ ’ 2
_ it
= |61_5A1/’(07 0) : (exp <1;Af(05 0)) ge,f(n K) - gs,f(ov K)) |2
t .
£ —1 15
+[£4,0.0 / exp ( 24,0, 0)) 0,80.0(5,K) ds|,
0

t
S Ce(lgg,f(vi)b + |g£,f(0’ K)lZ) + Cf/
0

3,8, +(s, K)]2 ds. (4.21)
By definition of g, ,, we have

0,8, (5, K) = i [A/(ek, kD) — A,(0,0)] g, »(s, K)

+exp <1§ [A,(ek, kD) = A,(0,0)] ) 0,1, 15 K),

and since |g, ,(s, K)|, = | f; +(s, K)|, this yields

C
|00 K|, < = |A ek, kD) = A 0.0)] | fe (5. KL + 10, (5. KL
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With (4.21), (4.20), and (4.19), we infer that

H /’ S3OT (P, P, Py ) (5) ds, < Cs(Xl(t, £) + Xy (t, €) + X5 (. 5))
0

with

Xl(tv 6) = 2/ / (lgef(t’ K)|2 + |g£,f(0’ K)lz) dK dk»
r=2 J R4 J#K=k
n t 1
X,(t.e)= Y / / / —|Af(5k, kM) — A (0, 0)| If. +(s, K)l, ds dK dk,
o Jre Juk=k Jo € 2

n t
X,(t,€) = 2/ / / 19, f. ,(s. K)|, ds dK dk.
o Jre Jak=k Jo '

In order to complete the proof of (4.16), we have to show that X, (¢, €), X, (¢, €), and X;5(¢, €) are uniformly bounded in

€ €(0,1] and 7 € [0, 1,,4/¢€]. For X, (1, €) and X;(1, €), this is not obvious because of the integration over the possibly long
time interval [0, ] with t < ., /€. We use that

316 < € DT (210K (o) P, (5K, P 5.k )|
=2 =2 2
< C(Pjal(s, k“))’zypsal(s, k<2>)’2‘73£al(s, k<3>)’2

holds, because of the normalization |y, ,(ek"V)|, = 1 and the fact that

X i (s k)] = PRz sk D)y < CIP2y (s k)], = C|P Ky s k)
=2

by (2.25). With |g, »(s,K)|, = | . »(s, K)|, this implies that

n

2/ / 1g.-(s.K)|, dK dk
¢—2 J RY J#K=k

< C/Rd /#sz <|Pjﬁl(s,k(l>)|2|73£ﬁ,(s,k(z))|2|p£;4\l(s’k(3))|2> dK dk

:C/ Pj—ﬁl(s’k(l))’ dk(l)/ |P574\1(s,k(2))’ dk(Z)/ ’PE/I/ZI(S,]CG))‘ dk®
R¢ 2 R4 2 R4 2

= P, 1P ()17,
< Ce

for all s € [0, 7,,4/€] due to Proposition 3.2, Lemma 2.2(i), and (2.27). This shows, in particular, that X, (¢, €) is uniformly
bounded” in € € (0, 1] and ¢ € [0,1,,4/¢].

For X, (¢, €), we use that the Lipschitz continuity (2.12) of the eigenvalues yields

A, (ek, kD) = A (0, 0)|2 < |A3(ek) - /\3(0)|2 n |/11f(ek<'>) — 4,,(0)
< Ce([k|, + [kV]),
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and the ¢ in the second line compensates the factor 1/€ in X,(t, €). For K = (k), k®, k®) with k = #K = k) + k® + k¥,
we have that |k|; < |kV|, + [k?], + |k®|,. Hence, it follows that

n t
Xz(t,e)zz:/ / / 1|Af(ek,£k(l))—Af(O,O) | . /(s,K)|, ds dK dk
= Ira Juk=k Jo € 2

n ¢
<c¥ [ ] [ aOn e w ki ol 6 a
= Jre Jak=k Jo '

and proceeding as before yields with Lemma 2.2(ii) and (2.27) that

d t
Xy(t.e) < C Y / (1D, P23 O P OIE, + 2P Ol 1D, Py Ol 1P ()l ) ds
u=170

d t t
SCZ/ 1D, P2, ()l ds+C/ P23, ()l ds.
u=1 0 0

Since both integrands are O(¢) according to Propositions 3.2 and 3.4, respectively, the right-hand side is uniformly bounded
fort € [0,1,,4/€l.
In a similar way, one can show that

n

t
o= [ [ [ 1000 0aan
= Jrae Jux=k Jo

n t
<c) / (ua,Plzl(s>||u||Pgal<s)||il + 21P 2 N 10,P 30 ()] ||P€al(s>||u) ds.
¢=270

Since ||PLz, ()| = IIPjﬁl(s)IlLl < Ce by Proposition 3.2, since ||0,P,4,(s)||,: is uniformly bounded by Lemma 3.1, and
since

10,P* 2, )l < 192 <& DT (@,.8,,.8;,) Ol < Ce
#J=1

by (2.16) and (2.17), we conclude that X;(z, €) is uniformly bounded, too. We have thus shown the inequality (4.16).

Step 4. In this step, we prove (4.17). For the proof of (4.16) in the previous step, it was crucial that Pj’lil appears
in one of the arguments of 7, because this allowed us to use Propositions 3.2 and 3.4. In (4.17), however, this is not
possible, because all three arguments of 7 are P, instead of Pjﬁl. Hence, we have to proceed in a different way. The
crucial observation is that P, and thus also 7 (P.u,, P.u,, P.U,) are nonoscillatory in the sense that the first two time
derivatives of P, are uniformly bounded according to Lemmas 3.1, 3.3, and 3.5. The only oscillatory function on the
left-hand side of (4.17) is S5 .(s). The strategy is now to integrate by parts twice, which generates a factor £ each time. One
of these factors is then used to compensate the long time interval.

We set A;(ek) = A;(ek) — A5(0) and

£t k) = exp (‘8—’A3(ek)> Wi (T (Pay, P, P ) (1, ).

With (2.15), we obtain the representation

” /OtS3’£(S)T (Pg’ﬁl,P&’u‘l,Psﬁl) (s) ds”L1 _ ” /O’exp (izs/\3(0))f£(s) ds”L1
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of the left-hand side of (4.17). By Assumption 4.1, the matrix £5(0) = L(3w, 3x) and thus also A5(0) is invertible. Hence,
we can integrate by parts twice and obtain

|L£<mp<§Aﬂm)ﬁ@thJSCehﬁ«DmA+HﬁUWU-F“A.ﬁp<§Aﬂm)@ﬂ®)me
sczhﬁwmy+uﬁmmj+ﬂ@ﬁwmy+ewamm

vl /Otexp (§A3(0)> 32f.(5) ds“Ll]. (4.22)

Now, we have to show that all terms inside the big bracket [ ... ] are uniformly bounded in 7 € [0, #,,4/€] and € € (0, 1].
As a preparatory step, we note that applying (2.6), (2.27), and the product rule yields

|7 (PP Pa) 0, < Crim@Is, 4.23)
”DMT (P4, P, P2, (t)“u < 3CT“DMi21(t)”Ll [EAGTRE (4.24)

0.7 (P P Pan) 0, < CT<6||DM’zi,(t)||L] ||,
sl faol, o, aas

for all u,v € {1,...,d}. The right-hand side of (4.23), (4.24), and (4.25) is uniformly bounded by Lemma 2.2(iii). In a
similar way, we obtain the inequalities

|

|p,o7 (P PaLPa) 0, < cr (6D,

L

o,T (P.ai,, P, P.a,) (t)”u <3c,

NG MEROTE (4.26)

OP.0, (z)“u
cparaol ol el e

FT (P, P, Pn) 0, <3¢, ( 0P o],

+

|27, 0|, 12, Ol i @1l (4.28)

and applying Lemmas 3.1, 3.3, and 3.5 yields uniform boundedness of the right-hand sides of (4.26), (4.27), and (4.28).
Since the matrix exp((iz/€)A;(ek))¥;(gk) is unitary, (4.23) implies that || £, (#)]| 1 is uniformly bounded. Taking the time
derivative of f,(¢) gives

0, f.(t, k) = f N, k) + f12) (1, k),
S, k) = §A3(sk)fe(t, k),

£, k) = exp (EA3<gk)) Wi (ek)o,T (Paiy, Pty Py ) (1, k). (4.29)
€
The fact that A; is globally Lipschitz continuous by (2.12) yields

i 1
|=83(eR)], = ZIAy(ek) = A O)]; < CIK],
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with a constant which does not depend on € and k. Using again that exp((it/ s)A3(£k))‘P; (ek) is a unitary matrix gives
| @), < CIkL £ 0], < C|k|1‘7' (P4, P4, P.a,) 1<)|2
d
=C 2‘1 DT (P, P, Poity) (0| .
=
| 201, < o, T (P, Py, Py ) (1,6, (4.30)
and by combining this with (4.29), (4.24), and (4.26), we infer that €||0, f,(#)||,; < Ce. This O(e) estimate is even better

than the uniform boundedness which we require at this point. Finally, we show uniform boundedness of the integral term
in (4.22). Since t € [0, 7,,4/€], we can use that

g” /Olexp(i;s/\3(0)>0t2f£(s)ds”LlStend sup 1029l

SE€[0,,,q/€]
with
it % ~ ~ A~
2. (s) = af( exp (‘ZA3(51<)) Wi (PAy, P, Py ) (s, k))
= [0, k) + 2122 (s, k) + £, k)
211 _(1 :
F20(s5,k) = (2 A4h)) £(s,h),
&
fg[ﬂ](s, k) = éA3(6k)f£“*2](s, k),

F23(s, k) = exp (L—IA3(ek)) W) (P, Py, P, ) (s, K).

Proceeding as before yields

| 25,0, < Cle?| fu(s. )l
= CWR|T (P2 Pty ) 5.0

QU

and hence uniform boundedness of || ﬂz’ll(s)n 1 follows from (4.25). In a similar way, we obtain with (4.30)

| 225,001, < Clkly| 112, B,
S ClklllatT (7)6;'{\1’ 7)5/1’217 pgit\l) (S, k)|2
d
=C z |DﬂafT (psﬁl’ peﬁl’ 735/1,21) (s,K),,

u=1

such that (4.27) yields uniform boundedness of || f1>2!(s)|| ;. Uniform boundedness of || f1>3(s)|| 1 follows from (4.28).
We have thus shown that all terms in the big bracket [ ... ] in (4.22) are uniformly bounded, which completes the proof
of (4.17).

According to step 2, the inequalities (4.16) and (4.17) imply the bound (4.15) and hence (4.4). Now the assertion of
Theorem 4.3 follows from Lemma 4.4.

Remark 4.5. The proof shows that, in general, the error of the SVEA cannot be expected to be smaller than O(¢?). We
have seen in Lemma 4.4 that the accuracy is determined by the right-hand side of (4.4), and in order to improve this
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inequality, we have to replace (4.16) and (4.17) by something better®. But this is impossible, which can be seen in the
proof of (4.17) in step 4. Since sup,g(o,,_ . /¢) 1P 41 (Dl = O(1) it follows that

I £l = 1T (Petiy. Pty Py ) (0] = O(), (4.31)

and as a consequence, the right-hand side of (4.22) cannot be smaller than O(g). We would like to point out that (4.31) is
not the only bottleneck in the proof, and that there are many terms for which a better bound is not feasible. The only way
to achieve a higher accuracy is thus to change the approximation, that is, to use (1.7) and (1.8) with m > 1. This is the
topic of Section 5.

Remark 4.6. We have assumed throughout that the kernel of L(w, x) is one-dimensional; see Assumption 1.2(i). In
case of the Maxwell-Lorentz system, however, most of the eigenvalues of £(0, k) = A(x) — iE occur with multiplicity
2, as pointed out in Baumstark (2022, Example 3.2.4), and if the eigenvalue @ chosen in (1.5) has multiplicity 2, then
L(w, x) = —ol + L(0, ) has a two-dimensional kernel. For this reason, we would like to emphasize that the only purpose
of Assumption 1.2(i) is to keep the notation simple, and that all results and proofs in this work could be adapted to cases
where the dimension of the kernel is two or larger, as has been done in Baumstark (2022). If the kernel of L(w, k) has
dimension 2, then £ = 2,...,n in Assumption 2.3(iii) has to be replaced by £ = 3,...,n, and the definitions of the
projectors (2.19) and (2.22) have to be modified in an obvious way. Likewise, Z;zz ... has to be replaced by Z;’,:3 ...1in
the proofs of Proposition 3.4 and Theorem 4.3.

4.2  Numerical Experiment

We illustrate Theorem 4.3 by a numerical example. As a model problem, we use a Klein—Gordon system in one space
dimension; cf. Example 2 in Colin and Lannes (2009) and Example 1.5 in Lannes (2011). This system is a special case of

(1.1a) with
d=1, n=2, AQ,) = (? (1)> 0, A(x) = <2 g) , E= (}(/) _07> .

We set
lena = L, k=12, y =07, T(fl’fz’f3) = (fl 'fz)Ef3-

The eigenvalues of A(x) — iE € C>? are +1/kx2 + y2 ~ +1.3892, and we select @ = w(k) to be the one with the positive
sign. For the initial data in (1.1b), we choose p(x) = e~ (=057 with v € ker(L(w, x)), such that the polarization condition
(Assumption 1.2(ii)) holds with p = p, and p; = 0. The initial data and the values for x and y were chosen more or
less arbitrarily. The numerical results reported below remained qualitatively the same for other parametrizations we have
tested.

Since numerical approximations of (1.1) and (1.10) can only be computed on a bounded domain, we switch to comoving
coordinates

E=x—c,l, v(t, &) = u(t, x), vi(t, &) = uy(t,x)

with group velocity ¢, = Va(k) = k/w(x). For d = 1, this turns (1.1) into

o+ A(()g)v - cgaégv + lEv =eT(v,v,v), te€ (0,t.4/€l, £ €R, (4.32a)
€
v(0,8) = p(&)e ™/ + c.c., (4.32b)

and (1.9)—(1.10) into

v(t, &) ~ V(1 &) = elErkeo/ey, (1 &) + c.c.,

i
Oy + ZL(@, k), + Ay, — ¢y, =€ 2 T, v, V)
Jithtiz=1

v(0,°) =p. (4.33)
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Figure 1. Accuracy of the Slowly Varying Envelope Approximation (SVEA) for Different Values of €. See Text for Details.

Then, we replace § € R by § € [-64, 64] with periodic boundary conditions and approximate v, with a Strang splitting
method with very small step-size (7,,4/10°) and mesh-width (128/2'% = 277). Inserting this numerical approximation of
v, into (4.33) yields a numerical approximation to ¥V, which is then compared with a numerical approximation to the
solution of (4.32). As we have explained in the introduction, such an approximation can unfortunately not be obtained by
applying a standard method to (4.32) in a straightforward way, because the highly oscillatory solution behavior imposes
a very fine discretization in time and space, which causes huge computational costs even in one space dimension. As a
remedy, we have used (1.7) and (1.8) with m = 5 to compute a reference solution in comoving coordinates.
Figure 1 shows the numerical counterpart of

1
sup  [[v(t, ) =V, )|
t€[0,1,,q/€1

for different values of & (blue line) in logarithmic axes. Comparing with € — €2 (black dashed line) shows that the error is
proportional to &2, as predicted by Theorem 4.3.

5 Convergence Analysis for m =3

In this section, we analyze the approximation (1.7) with
m=3 and J® ={xl,+3}.

As mentioned in the introduction, we have shown in Baumstark and Jahnke (2023) that #® approximates the exact solution
u of (1.1) up to an error of O(?); cf. (1.12). In this section, we prove that actually the error is only O(¢?) if (2.9) holds
with o = 3.

By definition the approximation

~(3) _ ij(k-x—wt)/e
i)=Y e ui(t, x)
JjeJ®

= <ei("'x_“”)/ “u,(t,x) + litex—wn/ “us(t, x)) +c.c.

is based on two functions u;,u; and their complex conjugates u_; = u;. These functions u;,u; are determined by the
coupled system (1.8), and thus u; (which now depends on u5) is not the same as u; in the case m = 1. As a consequence,
we cannot readily use the auxiliary results concerning u;, which we have shown in Lemmas 3.1, 3.3, and 3.5. However,
these results can be extended to the case m = 3 with little effort. We summarize this in the following lemma.
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Lemma 5.1. Letm =3, let 0 = 1in (2.9), and let {u,;,uy} be the classical solution of (1.8).

(i) Under Assumptions 2.3 and 1.2(i), there is a constant C independent of € € (0, 1] such that

sup |0, P.u; (0l <C, (5.1
t€[0,t.q/€1
sup [19,D, P, ()|IL" < C. (5.2)
te[0,t.q/€1

(i) Ifin addition 6 = 2 in (2.9), then there is a constant C such that

sup |07 P, 1, (1)l 1 < C. (5.3)

1€[0.1epq /€]
@iii) Ifin addition o = 3 in (2.9), then there is a constant C such that

sup  ||D,0} P, (1)1 < C. (5.4)

t€[0,tnq/€]

Proof. The bound (5.1) was shown in Baumstark and Jahnke (2023, Lemma 3.5). To show (5.2) and (5.3), the proofs
of Lemmas 3.3 and 3.5 carry over almost verbatim. The only difference is that for m = 3 the sum }.,,_, 7 (@; .4, ,4; )
contains more terms than for m = 1, for example, 7 (fi3, ﬁ_l s fi_l), and thus the constants in the very last inequality of each
proof change a bit. The proof of (5.4) is more complicated than the proof of (5.3), because new terms arise due to the

presence of D, but these terms do not cause any essential new difficulty. O

5.1 Bounds on the Coefficient Functions

As a first step, we prove that for m = 3 it is still true that ||Pjﬁ1(t)||y = O(¢), and that in addition [|Zi;(1)||;; = O(€?); cf.
Corollary 5.4. For this purpose, we define the scaled norm ||| - |||, of a pair Y® = {y,,y;} of functions y; € L' by

2 2
Y, = 211Py, Il + ;uPlyluu + S lysll- (5.5)

In Baumstark and Jahnke (2023, Equation (3.3)), we have used a similar definition, but with factor 2 /¢ instead of 2/ in
the last term. This difference is important. The motivation for multiplying every term on the right-hand side with 2 is that
then equation (5.9) below holds true.

Proposition 5.2. Suppose that the initial data in (1.8b) have the form (2.9) with ¢ = 2. Let U®) = {u,,u;} be the classical
solution of (1.8) with m = 3 and let U® = {4i,,15}. Let z, and z; be the transformed functions defined in (2.14), and set
Z® = {z,,23}. For every sufficiently large r > 0 there is a t, € (0,1,,4] such that under the Assumptions 1.2 and 2.3

sup |[|ZPO|, <r  foralle € (0,1]. (5.6)
t€[0,t, /€]

The constant t, depends on ty,g, 1, Cu,z, and Cy, on the inverse of the nonzero eigenvalues of A(0), and on the Lipschitz
constant in (2.12), but not on €.

Remark 5.3. The proof yields an explicit formula for ¢, ; cf. (5.14). Numerical computations indicate that this formula is
way too pessimistic in most cases, but for our goals it is sufficient that for every r there is a 7, such that (5.6) holds, and
that #, does not depend on . The number ¢, obtained from (5.14) is positive only if » > C,, where C, is a constant which
appears in the proof. This is what we mean by “sufficiently large r.”

Before we prove Proposition 5.2, we note that the following corollary is an immediate consequence of (2.25), (2.24),
(5.5), and (5.6).
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Corollary 5.4. Under the assumptions of Proposition 5.2 the bounds

1 L
sup ||P 1y (D]l sup |IP7z i@l < Ce,
te[0,z, /€] te[0,z, /€]

~ 2
sup [l = sup Iz ()il < CE
te[0,t, /€] te[0,z, /€]

hold with a constant independent of € € (0, 1].

Corollary 5.4 reveals that Proposition 5.2 can be understood as an extension of Proposition 3.2 from m = 1 to the
case m = 3. However, a substantial difference between the two cases is the fact that the proof of Proposition 3.2 (see
Colin and Lannes 2009, Lemma 3) is based on Gronwall’s lemma, whereas the proof of Proposition 5.2 requires other
techniques. The reason is, roughly speaking, that for m = 3 there are two functions, Pjﬁl (¢) and 15(7), which we have to
estimate simultaneously. This is also the reason why Proposition 5.2 refers to a possibly smaller interval [0, 7, /€] instead
of [0,7.,4/€].

Proof of Proposition 5.2. We integrate (2.16) for m = 3 from O to ¢ € [0, t,,4/€]. This yields

NZOOI, < N1ZOO, +2 Y <g|| /OZPF(s, 00,0 ds|, +| /OIPLF(s, 0,7 ds”Ll>

#/=1

223 | [re o e, 57)

#J=3

with F defined in (2.17). Since z;(0) = 0 by (2.18), it follows from (2.23) that

2
N1ZPO)]], = 2I1Pz, ()]l + gllPLzl<0>||Ll < Clpollws + llpy llw)-

Now, we define

1 1
a0 = P4 Olly + 2P 5@l and a4 = SOl (5.8)
and note that
Z ai(s) = 2a,(s) + 2as(s) = MZP1, (5.9
JjET®

by (5.5). Our goal is to prove that there are constants C, and C such that for all € [0, 7.4/ €] the inequality

e|| /O tPF(s, %, 7 dsHU + || /O ZPLF(s, 09,1 ds“U <C, +Ce /0 tf[ajl_(s) ds (5.10)

i=1

holds for every J = (j,j,j3) € (J)* with #/ = 1, and that

3
i” /OtF(s, S afs”Ll <C, + 65/()tgaji(s) ds (5.1
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holds for every J = (j},j,j3) € (J®)* with #/ = 3. Substituting (5.10) and (5.11) into (5.7) yields

o, <cr2te 3 3 [ Haj,<s> as

JE{ 13 } #J=j

§Q+6 d
€ [)Ha(s) s

,eam #I=)

=c,+6e/ < > aj(s)> ds
0 .

jeJ®

t
=C + Cs/ 1ZP)I11? ds (5.12)
0

by (5.9). The constant C, depends on [|pyllw:, [P llw1, Cyx, and the (finite) number of multiindices J with #/ = 1 and
#J = 3, respectively. Now let ¢, € (0, #,,4] be a number to be determined below. Then, (5.12) implies that

NZOII, < C.4Cr, sup [IZD@I|]}  forallz € [0,1, /€] (5.13)
se€l0,t, /€]

If we choose 7, in such a way that the right-hand side of this inequality is not larger than r for some r > C,, then we can
infer from (5.13) that |||Z®(2)|||, < r for all 7 € [0, 1, /€]. Hence, the desired inequality (5.6) holds with

r—=C,
cr

=

(5.14)

To prove the first inequality (5.10), we can adapt the arguments from Baumstark and Jahnke (2023, Section 3.2.2),
because the fact that a;(¢) was defined with a different prefactor in Baumstark and Jahnke (2023, equation (3.7)) does not
matter for this part. To complete the proof of Proposition 5.2, we have to show (5.11). In Baumstark and Jahnke (2023,
Section 3.2.1), we have proven such a bound, but without the factor 1/¢ on the left-hand side. Let #J = 3 and recall that

F(s,09.0) =S, ()T (@,.8,.0,) (s), j=#/=3

71 70

according to (2.17). We first consider the (easy) case where |J|; > #J = 3 and thus |J|; > 5 because |J|, is an odd integer.
In this case, (2.6) implies

t t
é” /0 FGs. 09, s =é /0 |7 @ 0,.8,) @), as
3
< [ T o
= / Huz Il ds

t 3

=C, eh—4 / H 1- U|||Z (S)||L1>
0

i=1

<C d
7—6/0 Ha(s) s,

i=

which is an estimate of the form (5.11) with C, = 0. In the last step, we have used that |J|; —4 > 1 and &'Vl llz;, (DMl <
ajl_(s) by definition (5.8).
Now let |J|; = #J = 3, which is only true for J/ = (1, 1, 1). Since

F <s, 7%,(1,1, 1)) = Sy, ()T (@, 7, 70,) (9),



Baumstark and Jahnke 29

we have to show that
1 /[ JA ~ "
;”/0 Sy (T (@y,8,,8,) (5) ds“U <c, +Ce/0 @X(s) ds. (5.15)

At this point, it seems that the inequality (4.15), which we have shown in steps 2—4 of the proof of Theorem 4.3, readily
implies (5.15) with C = 0. This is not quite true, because (4.15) refers to the case m = 1, not m = 3, and we have pointed
out at the beginning of this section that 7, is not the same function in these two cases. But the parts (i) and (ii) of Lemma
5.1 ensure that for m = 3 the function %, has still all the properties which were used to prove (4.15), and this allows us to
use that proof verbatim. O

Before we proceed, we have to extend Corollary 5.4 to a stronger norm as in Section 3. The following result is the
counterpart of Proposition 3.4 in the case m = 3.

Proposition 5.5. Suppose that the assumptions of Proposition 5.2 hold, and that in addition (2.9) is true with o = 3. Then,
the bounds

1~ L
sup [ID,PI,(0lly = sup [IDP 0l < Ce
te[0,t, /€] te[0,t, /€]
~ 2
sup [ID, Ol = sup  [ID,z50]l, < Ce
t€[0,z, /€] te[0,t, /€]

hold with a constant independent of € € (0, 1].

Proof. Using the higher regularity and, in particular, (5.4), the bound

sup [|ID,ZOW)|||, <C  foralle € (0,11, u € {1,....d}.

t€[0,t, /€]

can be shown with standard techniques. Then, the assertion follows from the definition (5.5). O

5.2 Improved Error Bound for m = 3

For the error analysis of %, we need a second nonresonance condition similar to Assumption 4.1.

Assumption 5.6 (Nonresonance condition). The matrix L5(0) = L(5w, 5k) is regular and has no common eigenvalues
with £4(0) = LBw, 3x), that is, 15,(0) # A3,(0) forall i, =1, ... ,n.

We are now in a position to formulate and prove our second main result.

Theorem 5.7 (Error bound for m = 3). Let p have the form (2.9) with 6 = 3 and let u be the solution of (1.1). Let u® be
the approximation defined in (1.7) with m = 3. Under Assumptions 1.2, 2.3, 4.1, and 5.6 there is a constant C such that

sup lu(t) = 7P @)l < Ce?, (5.16)
te[0,t, /€]

sup |lu(t) = WP @)l < Ce. (5.17)
te[0,z, /€]

Proof. We use the proofs of Theorem 4.2 in Baumstark and Jahnke (2023) and of Theorem 4.3 in the present paper as a
blueprint and focus on what has to be changed. In Baumstark and Jahnke (2023, proof of Theorem 4.2), we have shown
that the Fourier transform 6 of 8 = u — #® is the solution of

0,5(t,k) = — (iA(k) + éE) 5(t, k) + €G (Fu, Fu®) (1, k) + R(t, k)
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with

G (Fu, Fiu®) = T (Fu, Fu, Fu)— T (7—’%(3) Fu®, Fu®),

Reb=¢ Y Y 7@, <t - ?) o-ion/e.

l€l5.7.9} #/=j

and with 7 defined by (2.5). Our main task is to prove that

sup
te[0,t, /€]

/1exp ((s — 9 <iA(-) + éE))I/é(s) dsHLl < Cé (5.18)
0

uniformly in € € (0, 1]. If (5.18) holds, then the estimate (5.16) can be shown by applying Duhamel’s formula as in the
proof of Theorem 4.3, and (5.17) follows from the embedding W < L.
In Baumstark and Jahnke (2023, proof of Theorem 4.2), we have already derived the inequality

||/ exp (s—t)(lA()+—E>)R(s)dsH <E[;|ES79 #,_,H/ O (@,,8,,8,) (5) ds” y

In order to prove (5.18), we thus have to show that
> oy ”/ ST (@) (5) ds|| | < C&? (5.19)
lle(s.7.9y#1= = 70

with a constant C which does not depend on € noron ¢ € [0, 7, /¢€].
As before, we consider several cases. First, suppose that |j| € {7,9}. If J = (ji.}».j3) € (JP)? with #/ = j, then at
least two of the three entries must have a modulus of 3, such that with Corollary 5.4 we even obtain the bound

[ / O (@,8,8,) O, <= swp T (3,.8,.8,) 6l
€ 5el0,t, /€]
Ct,
<— su @, ()l < Ce. (5.20)
£ se[Otp/ellH L

If |jl| =5and #J =jbut |J|; >j(e.g.ifj =5and J = (3,—1, 3)), we can proceed in the same way. The difficult case is the
one where |j| =5 =#J = |J|,. We consider only j = 5 and J = (3, 1, 1), because all other such combinations can be treated
analogously. Now we cannot use (5.20), because Corollary 5.4 yields only H?:l @ ()Ml = a3l ||ﬁ1(s)||i, < Ce2,
which is not enough due to the factor ¢, /¢ in (5.20).

Since ,(t) = P.u, (1) + Plu,(t) and since sup;eg,, /e ||P u,(D|l;1 £ Ce by Corollary 5.4, the problem boils down to
showing the bound

H /Otss,g(s)r (@13, P2y, P2 ) (5) ds”Ll < Cex (5.21)

To prove this, we use similar techniques as in step 3 of the proof of Theorem 4.3. The strategy is again to identify the
oscillatory “parts” of the integrand.
We use the representation

(0K = 85,10z k) = Y, exp (—5/13,;(5@) 23, (1, KW (EK), (5.22)
=1
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which follows from (2.11), (2.14), and (2.15). With (2.15), (2.4), and (2.5), this allows us to reformulate the integral in
(5.21) as

t
/ SS,E(S)T (/1237 pgil\l, PE/I’ZI) (S) ds
0

t .
is
= —A k)‘I‘* k T (1G5, kD), P, (5, k), P13k, (5, k) dK d

(27[)(1/06*)(?(E s(ek) ) (e -)/#sz (7i3(s, kD), P21, (5, k@), P, (5, k) s

=y / / exp(i—S[AS(ek)—AM(ek(l))I]) fop(5.K) ds dK
o1 J#Kk=k JO €

with

1 " N A~
Jer (s K) = g ¥s(ehT (230 (5. kD Yra (kD). Pty (5, k), Pad, (5, k)

and k = #K. The left-hand side of (5.21) can thus be bounded by
t
” / S5 (T (i, P,Ay, P11, (5) ds”Ll
0
n t .
<y / / ‘ / exp (5 [As(e) — A5 (ekD)] ) fop(5.K) ds| dK dk. (5.23)
= Ira Juk=k ' Jo € 2

After setting

AL(0,00) = Ag(0) — 43,0 for 0,60V € RY,

g, (5, K) = exp (‘—s [A,(ek, kD) = A,(0,0)] ) £ (5K, (5.24)
, ” ,
the inner integral reads
! is ! is
| / exp (; [As(k) = A (ek )] ) for (s K) ds| = | / exp (;Af(o, 0)) 8er (5, K) ds] .
0 0

By Assumption 5.6, the diagonal matrix A,(0,0) = A5(0) — A5,(0)I is regular such that we can integrate by parts and
obtain

t .
|/ exp(lzsAf(O, 0))g5f(s,1() c1s|2 < Ce(lggf(t,K)|2+ |g5f(0,1()|2)
0

t .
+Ce‘ / exp(lzsAf(0,0)>0,g£f(s,K) ds‘z. (5.25)
0

The term Ce(|g, (¢, K)|, + |g, »(0, K)|,) on the right-hand side leads to a contribution of O(%) in (5.23), because

D2 Ky = Y1 o, K,
=1 =1

<c) |T (230(5, kY3 (kD) P11 (5, kD), P10 (5, kD)) |2
=1

< C|Z3(5, k(l))|2|7)g/’/21 (s, k<2))|2|pg;’21 (s, k(3))|2
< Ce?
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by Corollary 5.4. For the other term on the right-hand side of (5.25), the product rule gives

t .
Ce|/0 exp (gAf(o, 0)) 0,8..4(5. K) ds|2
! is i
SC6| / exp(;At)(0,0))—[Af(sk,dc(l))—Af(0,0)]gsf(s,K) ds|
0 £ £ ’ 2
t . .
+C:—:|/ exp(EAK(O,O)>exp<1—S[Af(ek,ek(1))—AAO,O)])O,fEf(s,K) |,
0 E E ’
r . .
sc5| / 2 [A (ek, kM) = A,(0,0)] exp(EAf(ek,ek(l))> fo (5. K) ds]2
o € E ’
! is
+Ce|/ exp(—Af(sk,ek(]))> 0.f. (5, K) ds| . (5.26)
0 E ’ 2

The Lipschitz continuity (2.12) of the eigenvalues yields

|Af(ek, kM) — A,(0, 0)’2 < |A5(5k) - /\5(0)|2 + ’,13f(ek“>) — J3,(0)
< Ce(lkl, + k1)),
and together with Corollary 5.4 it can be shown that the first term in (5.26) causes a contribution of O(¢?) in (5.23).
Unfortunately, the second term in (5.26) requires a bit more efforts. By definition of f, ,, we formally have
0, fe.r(s,K)

= )d‘P*(sk)[T 0,23,(5, k)i, k™), P10, (5, k), P11, (5, kD))

+ T (23005, KDYy (ekD), 0,20, (5, K2), P, (5, k)
+ T (23,05, KV (ekD), Pk (5, k), 0,P, T, (5, kD)) ]

1
T @ay t

WE(eh)T (0,23, (s, kD), (k) Pk (5, kD), P70 (5, k2))) + O(e?)

because 9, P, 7, is uniformly bounded by (5.1) and z;,(s, k1) = O(?) due to Corollary 5.4. Proving the desired bound for
the O(e?)-part of 0, f. »(s, K) in the second term in (5.26) is straightforward because the factor € compensates the integral.
The difficulty is that d,z;,(s, k) is not O(¢?) in general. We can only infer from (2.16), (2.17), and Corollary 5.4 that

0iz3(1) = € Z S3,£(I)T (ﬁh ’/"ij’ﬁjs) ®

#J=3
= &S5 (0T (1}, 1,,8,) (1) + O)
= eS8, (0T (P4, P, P, (t) + O(e?).

&

The #-th entry of the dominating part of d,z;(¢, k") is thus
8[S3£(t, KOYT (P, P, Pt ) (1, k('))]
: 4
—e [ exp (‘SlA3(gk<”)) Wik YT (P, P, P ) k(”)] .
= cexp (LA (k) )y KT (P, P, Pay) (K0
E

it
= cexp (Z Az (ek ) ) 0, (k")

with the abbreviation
(pg(t’ k(l)) = l//;}(&k(])),r (ps/”zl’ pg/”zl’ p‘sﬁl) (l, k(l))-
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Figure 2. Accuracy of U3 for Different Values of €. Parameters, Data, and Discretizations are the Same as in the Numerical
Experiment Described in Section 4.2.

All in all, it follows that
9, f. (5, K) = e exp <1—S,13f(ek<1>)) @, (5, K) + O(e?) (5.27)
’ E

with
L

D, (s,K) = )

Wi (DT (@, (5. ks (kD). Pt (5.2, P,y (5.4))

Substituting the right-hand side of (5.27) into the second term in (5.26) yields

t .
cg|/0 exp<1§Af(gk,gk“>)) 0, £, (. K) ds|2
t . .
= ce| / exp(EAf(ek,ek(l))>exp<1—s/13f(£k(1))><135(s,1() ds] +O(?)
0 & &

t .
= c&’| / exp <I—SA5(ek)> ®, (s, K) ds|. + Oe?)
0 3 2
because by definition A, (gk, k1) = As(ek) — A5,(ekM)I; see (5.24). In order to show uniform boundedness of

’ /Ot exp(iZSAS(ek)> @, (s, K) ds|2 - ‘ /Olexp<izsA5(0)> exp(izs [As(ek) = A(0)] ) @, (s, K) ds’z,

we can use integration by parts again, because A5(0) is regular by Assumption 5.6 and the time derivative of
exp(is/e[As(ek) — As(0))D (s, K) is uniformly bounded. This completes the proof of Theorem 5.7. O

5.3 Numerical Experiment and Discussion

We have repeated the numerical experiment described in Section 4.2 with m = 3 instead of m = 1, and with ¢z, = ¢, 4 = 1.
Figure 2 shows that in this example, the numerical counterpart of the error sup,c(q,_ /¢ [lu(r) = T (@] 1 scales like €*,
which is better than what the error bound (5.17) in Theorem 5.7 predicts. We believe, however, that this advantageous
error behavior cannot be expected, in general, and we briefly sketch the reasons.

If we want to improve (5.17) in such a way that &3 is replaced by £*, then instead of (5.19) we have to prove that

t
Zoo 2 om0 0, <o
5,791 #=1
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As before, the critical indices are those where |j| = 5 = #J = |J|,, and we consider againj = Sand J = (3,1, 1) as an
example. Now instead of (5.21), we have to show that

t
|| / Ss. (T (s, PXi, P21y ) (s) ds”Ll <Ce (5.28)
0
t
and || / Ss. ()T (i3, P4y, P.a1)) (s) dsHU < Cé. (5.28b)
0

We will now explain why the first inequality (5.28a) cannot be true in general. Since #; = O(g?) and ijil = O(e) by
Corollary 5.4, the integrand is formally O(e?), but since ¢ € [0, t..qa/ €] we need one more factor of € to compensate the
long integration interval. By (2.15) and (2.5), the integral in (5.28a) reads

t
/ SS,g (S)T (it\}, Pjﬁl? pgil\l) (S) dS
0

1 ' is R R ~
—A(ek > Y*(ek T ,k(l) , PJ. ’k(Z) P ,k(3) dK ds.
(27r)d/0 exp < . s(ek) ) Wi(e %K:k (7i3(s, kD), PLE, (5, k), P (5, k) s

After substituting (4.18), (5.22), and P, (s, k) =y, (Sk(S))e—ml,(skm)/ezlI(S’ k@) we obtain
t
/ Ss O (i3, Py, Pty ) (s) ds
0

n n ' .
= Z Z / / exp <1£[A5(6k) - (/13f1 (ek®) + Alfz(gk(Z)) + /111(5k(3))) I])
C1=1¢6,=2 #K=k J O &
0,5, K)ds dK,

with a smooth function f, , ,,. (Details do not matter at this point.) In order to generate an ¢ via integration by parts, we
need that the diagonal matrix

is regular. Since 4,,(0) = 0, this is equivalent to the condition
As5¢(0) = A3, (0) — 4,,,(0) # 0 forall?,?,,¢, € {1,...,n}, &, #1 (5.29)

This is a nonresonance condition similar to what we have assumed in Assumptions 4.1 and 5.6, but now with three terms.
In contrast to those assumptions, however, (5.29) is not true in case of the Klein—Gordon system with d > 1, nor for the
Maxwell-Lorentz system, as we will show now. In these applications, the eigenvalues w,(f) of L(0, ) = A(f) — iE have
the following properties:

(P1) The largest eigenvalue w,(f) is related to the smallest eigenvalue w,(f) by @,(f) = —w, ().
(P2) L(0, §) has at least one vanishing eigenvalue, that is, there is an index ¢, with 1 # ¢, # n and w, () = 0 for all 5.

Recall that w = w(k) is an eigenvalue of £(0, x) = A(x) — iE (cf. (1.5)), and suppose that we have chosen w = w,(x). By
definition, the eigenvalues of

L,0) = L(jo,jx) = —jol + L(0, k)
are A_M(O) = —jow + w,(jx). If we choose £ = ¢ = ¢, and £, = nin (5.29), then we obtain

As0.(0) = A3, (0) = 44,(0) = (=50 + @, (5K)) = (=30 + 0 (3K) = (-0 + 0, (K))
=-50+0+30-0+w— (-0, (x))

which shows that the nonresonance condition (5.29) is not true. This is only one counterexample among many others. The
corresponding nonoscillatory terms in the integrand cause contributions of O(te®), which eventually leads to a contribution
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of O(£?) instead of O(£?) on the left-hand side of (5.28a). Similar resonance problems appear also in the integral in (5.28b),
such that this inequality cannot be true for the applications mentioned above.

A noteworthy exception is the Klein—-Gordon system in one space dimension (d = 1, n = 2), which we have used in our
numerical experiments. Here, the two eigenvalues of the matrix £(0,x) = A(x) — iE € C?>? are w = w (k) = \/k2 + 12
and w,(x) = —w,(x), as we have mentioned in Section 4.2. These eigenvalues have property (P1), but not property (P2),
such that the counterexample does not apply. We conjecture that in this special case, one could indeed prove that (5.17)
even holds with £* instead of € on the right-hand side, which is the behavior observed in Figure 2.

This discussion raises the question if the convergence behavior predicted by Theorem 5.7 could be observed in a
numerical example with a two-dimensional Klein—Gordon equation, because then the eigenvalues have also the property
(P2). The problem is that in order to test the accuracy of the approximation u ~ #®, the PDEs (1.1) and (1.8) have to be
solved numerically with such a high precision that the numerical error is negligible compared to the analytical error. But
approximating u with sufficiently high precision by applying a standard method to (1.1) was already hopeless in one space
dimension (cf. Section 4.2), and computing a reference solution via (1.7) and (1.8) with m = 5 was already extremely
expensive in the one-dimensional case, because the functions u; still oscillate in time. For these reasons, we were not able
to produce a reliable numerical example in two space dimensions.

The approach to approximate the solution « of (1.1) via (1.7) and (1.8) has the advantage that the coefficient functions u;
do not oscillate in space. This gives us the possibility to use a space discretization where the number of grid points depends
only on the regularity of u,(z, -), but not on 1/e. To realize the full potential of this approach, however, it is important to
develop tailor-made time integrators for (1.8), which use nonstandard techniques to handle the oscillations in time, and
which are far more efficient than traditional schemes such as the splitting method used in our numerical examples. In a
joint work with Johanna Modl (KIT), the second author has recently constructed and analyzed such a tailor-made time
integrator; cf. Jahnke and Modl (2024).
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Notes

1. Note that the right-hand side of (4.13) contains a factor &, which was omitted on the left-hand side of (4.14).

2. In fact, we have even shown that X;(z,€) < Ce forall e € (0, 1] and ¢ € [0, t.,4/€].

3. In addition, a number of terms which were estimated in a straightforward way in our proof would require a more sophisticated
analysis.
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