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Abstract

We study a variant of the Strang splitting for the time integration of the semilinear
wave equation under the finite-energy condition on the torus T2. In the case of a cubic
nonlinearity, we show almost second-order convergence in L? and almost first-order
convergence in H . If the nonlinearity has a quartic form instead, we show analogous
convergence results, where the order is reduced by 1/2 in both cases. To our knowledge
these are the best convergence results available for the 3D cubic and quartic wave
equations under the finite-energy condition. Our approach relies on continuous- and
discrete-time Strichartz estimates. We also make use of the integration and summation
by parts formulas to exploit cancellations in the error terms. Moreover, error bounds
for a full discretization using the Fourier pseudo-spectral method in space are given.
Finally, we discuss a numerical example indicating the sharpness of our theoretical
results.

Mathematics Subject Classification Primary 65M15; Secondary 35B33 - 35L71 -
65M12 - 65M70

1 Introduction

We study the time integration of the semilinear wave equation with power nonlinearity

a,zu —Au+pu® =0, (t,x)el0,T]xT>,

1.1
u@© =u®,  Bu0) =7, (1.1)
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wherea € {2, 3, 4, 5} and we allow for bothsigns i € {—1, 1}. The initial data (u°, v°)
is assumed to belong to the physically natural energy space H'(T>) x L?(T3). To keep
the presentation simpler, we mostly restrict ourselves to the model cases of powers
a € {3,4}.

It is well known that local wellposedness of (1.1) (and its variants with nonlinearity
wlu|®tu for o € (1, 5]) can be shown by a fixed-point argument. If « < 3, the non-
linear terms can be controlled only using classical tools such as Sobolev embedding.
In the case of higher powers o > 3, one has to exploit the dispersive character of
the wave equation. A particular useful tool are the Strichartz estimates, which control
mixed space-time L” L9 norms of solutions to the linear wave equation in terms of the
data. Thanks to the L” norm in time, one can choose the space integrability exponent
q larger than predicted by a fixed-time Sobolev embedding. This makes it possible to
show local wellposedness of (1.1) for powers up to the critical value @ = 5, see, e.g.,
the monograph [32].

In this work we are interested in approximating the temporal evolution of (1.1).
A natural choice for the time integration of such equations is the class of second-
order trigonometric (or exponential) integrators, cf. chapter XIII.2.2 of [14] for an
overview. As explained in [5], these methods in one-step form can be interpreted as
variants of the Strang splitting with additional filter functions in the nonlinear part. In
the context of an ordinary differential equation with a globally Lipschitz continuous
nonlinearity, error estimates for such schemes were derived in, e.g., [5, 9, 12, 14].
For the PDE (1.1) with pure power nonlinearity, an error analysis was for the first
time given in [10], but only in the one-dimensional case. The proof uses a similar
strategy as the earlier work [22] for the nonlinear Schrodinger equation. It was shown
that under the finite-energy assumption (u, d;,u) € H' x L?, trigonometric integrators
converge with order two in L2 x H~" and with order one in the energy space H' x L?
itself, even if no filter functions are used. In [4], the same error bounds were shown
in a more general setting which in particular allows for rough L°° coefficients in
the nonlinear part. This made it necessary to equip the schemes with suitable filter
functions to avoid numerical resonances for certain step-sizes. The higher dimensional
cases d € {2, 3} were also considered in [4], but only under the stronger regularity
assumption (u, o;u) € H?x H'.

In the proofs of the one-dimensional results in [4, 10], it was crucially exploited
that the Sobolev space H'! forms an algebra. This is however not the case in higher
dimensions, where the estimates for the nonlinear terms become more delicate. The
first attempts to exploit Strichartz estimates in numerical analysis were made in the
case of nonlinear Schrodinger equations, starting from [17]. Subsequent works used
discrete-time Strichartz estimates to show error bounds under low regularity assump-
tions, such as [8, 16, 23] for the nonlinear Schrodinger equation on RY and [18, 24]
in the case of nonlinear Schrodinger equation on the torus T¢. In the latter case, the
authors further made use of discrete Bourgain spaces. For the nonlinear wave equation
(1.1), less literature is available in this context. Based on discrete-time Strichartz esti-
mates, in [29] an error analysis of the Lie splitting for (1.1) (with nonlinearity jt|u|*~'u
for o € [3, 5]) on the full space R was given, notably including the scaling-critical
power o = 5. It was shown that under the assumption (u, o;u) € H 1'% L2, the scheme
converges with optimal first order in L? x H~!.
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Recently, another class of methods to approximate the temporal evolution of nonlin-
ear dispersive problems especially in low regularity gained a lot of attention, namely,
the low-regularity integrators. See [27] for an overview. Due to an improved local
error structure, such schemes can allow for higher convergence rates at low regularity
than classical methods such as the Strang splitting. The authors in [21] proposed the
corrected Lie splitting, which is a low-regularity integrator that can be applied to the
nonlinear wave equation (1.1). It was shown that the corrected Lie splitting is second-
order convergent in H'! x L? under the regularity condition (u, 3;u) € H't4/4 x H4/4
for dimensions d € {1, 2, 3}. See also [7] for an error analysis of the corrected Lie
splitting in lower regularity in the cases d € {1, 2} with reduced convergence rates
under a CFL-type condition. However, the analyses from [7, 21] do not apply in our
situation since they either require a global Lipschitz condition on the nonlinearity
(which is not satisfied by the polynomial u®), or higher-regularity solutions satisfying
u(t) € H® with s > d/2.

1.1 Our contributions

The purpose of this paper is, at first, to extend the discrete-time Strichartz estimates
for the wave equation from [29] to the bounded domain T?3. By exploiting the finite
propagation speed of the wave equation, we obtain locally in time the same Strichartz
estimates as on the full space R3. This is in sharp contrast to the Schrodinger case (with
infinite speed of propagation) where the Strichartz estimates on the torus are restricted
compared to those on the full space, cf. [3]. Moreover, we aim to prove optimal error
bounds for a second-order scheme applied to (1.1) under the finite-energy condition.
In the important cubic case ¢ = 3, we almost recover the optimal temporal second-
order convergence in L? x H~!. Here it is important that we make full use of all
available regularity. In particular, besides the Strichartz estimates we at most apply
sharp endpoint Sobolev embeddings such as H 1(T3) < LO(T3), and we avoid the use
of Holder’s inequality in time. In the case of a more rapidly growing nonlinearity with
o = 4, the second order can no longer be achieved. This type of order reduction is an
interesting effect that apparently does not occur for nonlinear Schrodinger equations.
The difference lies in the fact that the nonlinearity in the first-order formulation of
the wave equation formally gains a derivative, which, however, can only be optimally
exploited for “smaller” « using the Strichartz estimates. Nevertheless, our convergence
rates for « = 4 are still higher than those obtained in [29]. Finally, we extend our results
to the fully discrete setting (using the Fourier pseudo-spectral method) with optimal
spatial convergence.

Even though our nonlinearity is of pure power-type, we make use of a filter func-
tion inside the nonlinearity when estimating the terms resulting from the local error
(compared to the one-dimensional case [10]). This is essentially because in 3D the
multiplication by an H! N L function is not a bounded operator on H~!. As a
filter, we use the operator I1,-1= diag(w,-1, 7,-1) which in both components is the
Fourier multiplier for the characteristic function of the square [—7 L, 1_1]3, where
T > 0 denotes the time step size. This particular choice is made for several reasons.
First, it enables us to use the summation by parts formula to exploit cancellations
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in the terms stemming from the local error. Second, a filter of this type is needed to
obtain discrete-time Strichartz estimates (compare, e.g., [16, 18, 23, 24, 29]), which
are necessary for o« = 4. Third, it fits well to the spatial discretization with the Fourier
pseudo-spectral method and increases the computational efficiency of the fully dis-
crete scheme. As a main conceptual novelty, the proof of our error estimates combines
the summation/integration by parts technique (as already used in, e.g., [4, 5]) with the
use of Strichartz estimates.

In [29], the terms stemming from the local error were estimated using discrete-time
Strichartz estimates. In combination with a non-optimal frequency filtering, this led to
aloss of convergence order in the error analysis of the formally second-order corrected
Lie splitting. Similar issues already arose in the Schrodinger case, cf. [23, 24]. In the
present paper, we use a more suitable filtering that was similarly proposed as “method
(B)” for the one-dimensional semilinear wave equation in [10]. Moreover, we show
that at least in the case of the Strang splitting applied to the semilinear wave equation
(1.1), one can avoid the issues coming from the application of discrete-time Strichartz
estimates to the local error terms by using the continuous-time Strichartz estimates
instead. In the cubic case o = 3, it even turns out that we do not need any discrete
Strichartz estimates to prove our error result (the continuous ones are still used). This
is related to the fact that, as mentioned above, the wellposedness of (1.1) can in this
case be shown without using Strichartz estimates. In the case o« = 4 however, we
need the discrete-time Strichartz estimates to ensure the stability of the numerical
scheme. Here it is crucial that the discrete Strichartz estimates are only needed for
the filtered approximation (w,-1u,),, and not for (u,),, as postulated in [16, 23, 29],
where u, ~ u(nt) are the numerical approximations. This makes no difference for
the Schrodinger equation, but it does for the wave equation, again due to the formal
gain of a derivative in the nonlinear part of the first-order formulation of the wave
equation. A uniform filtering of the entire equation (including initial data) as in [16,
23, 29] would only lead to sub-optimal results in the case of a second-order integrator
applied to the semilinear wave equation.

While extending our results to the fully discrete setting, we face the difficulty
that one cannot take advantage of negative-order Sobolev spaces when estimating the
trigonometric interpolation error. We solve this issue by using an L9 estimate for the
trigonometric interpolation error from [1, 15, 26].

1.2 Results in the semi-discrete setting

In this paper we analyze a variant of the Strang splitting scheme that computes approx-
imations U,, = (u(nt), d;u(nt)) for a step size t > 0 and n € Np. With the notation
A(u, v) := (v, Au) for the wave operator and G (u, v) = (0, —uu®) for the nonlin-
earity, the semi-discrete form of the scheme reads

Uns12 = e [Uy + 5G(IT,-1 Uy,
Uny1 = Ung12 + 5GT -1 Upy1)2), (1.2)
U = (u°,19).
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This scheme fits into the class of trigonometric integrators in one-step formulation
as described in Section XIII.2.2 of [14], with “inner filter” IT 1. It corresponds to a
variant of “method (B)” that was proposed and analyzed in the one-dimensional case
in [10]. If we ignore the filter, the scheme (1.2) is also a Strang splitting in the classical
sense applied to the first-order reformulation o,U = AU + G(U) of the semilinear
wave equation (1.1). Indeed, one step of (1.2) consists of a half step of the exact flow of
the filtered nonlinear “sub-problem” 0,U = G(I1,-1U), followed by one full step of
the exact flow of the linear “sub-problem” 0;U = AU, and finally another “nonlinear”
half-step. It is therefore a natural (formally) second-order improvement of the filtered
Lie splitting that was analyzed in [29]. See (2.3) for the precise definition of the filter.

Theorem 1.1 Let U = (u, d;u) € C([0, T1, H'(T?) x L?(T?)) solve the semilinear
wave equation (1.1). Then there are a constant C > 0 and a maximum step size Ty > 0,
such that the approximations U, obtained by the Strang splitting scheme (1.2) satisfy
the following error bounds. If a« = 3,

|U(nt) —Uyllgiy2 < Ctllogrt|,
|U(0nt) — Upllj2 g-1 < CT?|logt],

and for o = 4,

U (nT) = Upllgi 2 < C2,

1U(T) = Upll 21 < Ct3.

Theses bounds are uniformin t € (0, 9] and n € No with nt < T. The numbers C
and o only depend on T and ||U || oo (10,77, 5! x L.2)-

Remark 1.2 In the case of a quadratic nonlinearity @ = 2, an inspection of the proof of
Theorem 1.1 shows that one obtains the same error bounds as in the cubic case « = 3.
For the case of the critical power o = 5, it is possible to show the convergence results

IUnt) = Unll 25 g1 < Cr,

(1.3)
U (nt) = Unllgi 2 — 0,
as T — 0, uniformly in n € Ny with nt < T. We do not elaborate on this here since
(1.3) was already shown for the simpler Lie splitting on the full space R? in [29]. One
can show the corresponding result for the torus T2 by combining the arguments from
there with the Strichartz estimates for T> developed in the present paper. See Theorem
4.4 and Section 7.6 of [28] for details.

Remark 1.3 We compare our 3D results to the known results in 1D. If « = 3, our
convergence rates are almost the same as those obtained in the one-dimensional cases
in [4, 10], which in turn are generally believed to be optimal in terms of the regularity
requirements. For « = 4, Theorem 1.1 exhibits an order reduction. This reduction
and the convergence behavior in (1.3) can be observed in our numerical experiment
in Sect. 5.2. We therefore believe that our results are optimal.
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Remark 1.4 The logarithm in the result of Theorem 1.1 for « = 3 comes from the
use of the endpoint Strichartz estimate for the L?L° norm that only holds with a
logarithmic correction, cf. Corollary 2.8.

1.3 The fully discrete scheme

Denoting by K > 1 the spatial discretization parameter for the Fourier pseudo-spectral
method, we consider the fully discrete scheme

Ul =€ UF + 5Tk G(,-1U5)]

n

UK, =UK, ,+ 5Tk G, UL, ) (1.4)

n

Uk =g v0).

Here, we use the notation Zx = diag(/k, Ix) for the trigonometric interpolation
operator Ik, cf. Definition 5.1. For this scheme, we obtain fully discrete error bounds
of spatial order K ~!. This is optimal in view of the projection error

I = T)U 0O 2 -1 S KU 0T 1512,

cf. Lemma 2.12.

Theorem 1.5 Let U = (u, d;u) € C([0, T1, H'(T?) x L?(T3)) solve the semilinear
wave equation (1.1). Then there are positive constants C, 19, and Ko, such that the
approximations UnK obtained by the fully discrete Strang algorithm (1.4) satisfy the
error bounds

|UMnt) — UK 20 g1 < C(2?logT| + K1), ifa =3,
IUmT) — UK 2yt < C(22 + K7V, ifa =4,

uniformly in T € (0, 9], K > Ko and n € Ny withnt < T. The numbers C, 1y, and
Ko only depend on T and ||U || oo (10,71, 5! x 1.2)-

1.4 Discussion and outlook

We comment on possible generalizations of our results.

Remark 1.6 We will sometimes exploit that our nonlinearity is a polynomial in u«, but
strictly speaking, this is not necessary. With somewhat greater technical effort we
could also treat the equation

32u — Au = g(u) (1.5)

with a general nonlinearity ¢ € C?(R, R) satisfying the bounds

8@ S 14 [z1”,
lg' @I ST+ 1217,
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lg" @ S 1+ 12172,

for z € R. This covers in particular the semilinear Klein-Gordon equation since
the lower-order mass term can be moved into the nonlinearity. One could also allow
fractional «. For @ € (3,5), the convergence of the semi-discrete Strang splitting
(1.2) in Theorem 1.1 would then be of order (7 — «)/2 in the L? x H~! norm and
of order (5 — «)/2 in the H! x L? norm, respectively. Similar considerations apply
to the error bounds for the fully discrete scheme (1.4) from Theorem 1.5. In view of
the error bound for the trigonometric interpolation from Lemma 5.3, we then would
additionally need the third derivative of g with bound

18" () S 1+ 2%

Remark 1.7 In view of the error bounds of Theorem 1.5, it might be advantageous to
choose the spatial resolution finer than the temporal one. In the case K > «/7, it
turns out that the highest frequencies (ITx — Iy /T)U,{( in (1.4) are only influenced
by the linear part ¢’4 and not by the nonlinear function G. Therefore, in that case, if
one is only interested in the numerical approximation U 1{,( for some N > 1, the high-
frequency part can be computed directly from the initial data via (ITg — Iy/7)U 11\/< =
NTATT g — T, /,)(uo, v9), without time-stepping. This idea was also exploited in the
recent paper [7].

Remark 1.8 One might wonder if under our assumption (u, d;u) € H Ly L2, alow-
regularity integrator such as the corrected Lie splitting proposed in [21] can give higher
convergence rates than classical schemes such as the Strang splitting. The authors in
[21] show that this is possible in the one-dimensional case. However, in our 3D case
we did not succeed to find such a result so far.

Remark 1.9 The differential equation (1.1) is posed on the torus T which corresponds
to a cube with periodic boundary conditions. We could also treat the problem on a
cube with Dirichlet or Neumann boundary conditions by restricting the full Fourier
basis to a sine or cosine basis. We omit the details for the sake of brevity.

1.5 Organization of the paper

In Sect. 2, we give a review on Strichartz estimates for the linear wave equation. We
give a proof for the discrete-time inequalities on the torus and state all the Strichartz
estimates needed in this paper. Moreover, we collect some important properties of the
filter operator. In Sect. 3 we give a brief review on the local wellposedness theory of
(1.1) and give important estimates for its solution. In Sect. 4, the error analysis of the
semi-discrete Strang splitting (1.2) is carried out, in particular, the proof of Theorem
1.1. The last Sect. 5 contains the proof of the fully discrete error bounds from Theorem
1.5. Finally, we discuss a numerical experiment to illustrate our temporal error bounds.
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1.6 Notations

We write A < B (or A Sg B) if A < ¢B for a generic constant ¢ > 0 (depending on
quantities ). The torus T3 is understood as the cube [—, 7]> where one identifies
opposite sides. We denote the space of distributions on the torus by D’(T?). The k-th
Fourier coefficient of a distribution v € D’ (T?) is defined by

ﬁk = (2]‘[)_% (v, E_ik.x)'D/(T.?)X'D('HG), k € Z3.
For a real number s € R, the Sobolev spaces on T? are given by
HY(T%) = {v € D'(T?): |vll s 3, < 00}

with norm
ol sy = D (14 1K) |9 (1.6)
kez?

In Sect. 2, we will also make use of the Fourier transform and Sobolev spaces on R3.
We write F for the Fourier transform on R3, using the convention with the prefactor
(27)73/2. We also use the notation 7 := Fu. In the context of Fourier multipliers, we
often simply write £ instead of the map £ — &.For s € R, we use the inhomogeneous
and homogeneous Sobolev norms

Il s sy = 1A+ 1EDTDN 2@y W@y = NEFBI 2@,
ifw e LllOC (R3). The homogeneous Sobolev space HS (R?) is defined as
H'(R?) = {w e S'®R?) : b € L, (R?) and |w]l g g3, < 00},

where S(RR?) denotes the space of tempered distributions on R>. By Proposition 1.34
of [2], the homogeneous space H*(R3) is complete if and only if s < 3/2.

Leth: R — Rbeabounded function. To denote the Fourier multiplication operator
for the function & — K (|£]) (on R?) and k > h(|k|) (on T?), we will use the notation
h(]V]) in both cases. It is clear from the definition of the Sobolev norms that the
operator /(|V|) is uniformly bounded on all spaces H*(T?), H*(R3) and H* (R?).

Let p € [1, oo], J be atime interval, and X be a Banach space. We use the Bochner
space L?(J, X) with norm

1
P
N FllLr,x) = (/; ||F(t)||[;dt) ,

and the usual modification for p = oo. If a “free” variable ¢ occurs in such a Bochner
norm, the time integration is carried out with respect to 7. For a step size 7 > 0, we
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also introduce the discrete-time norm

IFlegx =1 > IFl%

nez
ntel

To simplify notation we often write || F;, ||55(J’X) instead of || (Fn)HEZ”ef(J,X)’ where
again a “free” variable n is assumed as the summation variable. In the case J = [0, T'],
we abbreviate L7 X = LP([0, T], X) and £7 . X = £7([0, T1, X).

2 Linear estimates
2.1 Continuous and discrete Strichartz estimates on the full space

A triple (p, ¢, y) is called admissible (in dimension three), if p € (2, 00], g € [2, 00),

and | 3 3
, —+>=C-y @1

_l’_
p q 2

=

N =

1
q

S | =

One then has y € [0, %), and the equality in (2.1) is called scaling condition. The
following theorem is well known, cf. Chapter IV.1 of [30].

Proposition 2.1 Let (p, q, y) be admissible. Then we have the estimate

it|v
el |f||Lp(]R,L‘1(R3)) Spoa 1 iy @3y

forall f € HY (R3).

Observe that the triple (p,q,y) = (00,2,0) corresponds to the usual energy
estimate. If we take p < oo, then the scaling condition implies that we save 1/p
derivatives compared with a fixed-time Sobolev embedding.

Remark 2.2 The transformation f — f shows that in the estimates of this subsection,
one can always replace ¢'/!V! with e =1/IVI,

The estimate from Proposition 2.1 can be applied to the wave equation in the

following way. Let y € [0, %). For given initial data f € HY (R?), g€ HYY(RY),
we define the function

w(r) = cos(t|V]) f + |V| 'sin(t|V])g, 7 €R.

Using the Fourier transform, one checks that w € C(R, H” (R?)) is the distributional
solution to the linear wave equation

opw—Aw =0, wO =rf, w0 =g,
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and Proposition 2.1 gives the estimate

||w||Lp(R,Lq(R3)) f,p,q ||f||Hy(R3) + ||g||Hy—l(R3),

whenever (p, g, y) is admissible.

To obtain discrete-time Strichartz estimates, it is necessary to include a suitable
filter operator. This was first observed in case of the Schrodinger equation, cf. [16].
On the full space, we will use the circular Fourier cut-off

g = .7:71]13((),[()\7‘— 2.2)

at level K > 1. In [29], the following discrete Strichartz estimate for the half-wave
group was proven.

Proposition 2.3 Let (p, q, y) be admissible. Then we have the estimate

. 1
||T[K€mT|V|f||gf(]R‘Lq(R3)) Sp,q (I+Kt)»r ||f||m(R3),

forallt € (0,11, K > 1, and f € H” (R%).

This estimate is optimal in the following sense. If we assume that K7 > 1 and only
consider the term with n = 0 in the left-hand side of Proposition 2.3, we obtain the
frequency-localized Sobolev embedding

1
17k fllza@s) Spa K71 i oy

which in general is sharp by scaling.

The estimates of Propositions 2.1 and 2.3 fail at the so-called “double endpoint”
(p,q,y) = (2,00, 1). However, estimates with logarithmic corrections in time and
frequency are available. In [29], the following discrete-time bound was shown, inspired
by a corresponding inequality for the continuous case in [19].

Proposition 2.4 The estimate
~ i 1

||7TK€”tlv‘f”e% TLOO(R3) S (1 + Kt + log(l + KT))2 ||f||Hl(R3)’
holds forallt € (0,1, K > 1, T > 0, and f € H'(R?).
2.2 Strichartz estimates for the half-wave group on the torus
Thanks to the finite speed of propagation for the wave equation, one expects thatlocally
in time, one has the same Strichartz estimates on the torus T° as on the full space R3.
For continuous time, this has been carried out in, e.g., [20] by using suitable extension
and cut-off operators. We will follow the same strategy to prove corresponding versions

of the discrete-time Propositions 2.3 and 2.4 for the torus.
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Let E: D/(T3) — S'(R3) denote the periodic extension operator (where we inter-
pret T3 = [—x, ]? as above). Note that for f € C®(T>) wehave Ef € C*(R>) with
periodic partial derivatives. The next lemma shows that an extended Sobolev function
multiplied with a smooth cut-off function belongs to the corresponding Sobolev space
on R3.

Lemma25 Letn e C* (R3) and s € R. Then the estimate

”nEf”HS(R3) 57],5 ||f||H5(T3)

is true for any f € H*(T?).

Proof By approximation, it suffices to consider smooth f. The statement is clear if
s = 0,and inductively extends toall s € N. By interpolation, we then infer the assertion
for alls > 0. The case s < 0is handled via duality. Let (¢;) jen be a smooth partition
of unity such that ZjeN ¢j=1andp; € C2°(IR3) with supp ¢ S{yj}+ (==, )3
forall j € Nand some y; € R3. We compute

INEflgs@sy = sup

| nEs - gax
HEHH—S(R3> R3

= sup Z/ Ef -nge;dx
Hg”fo(RS):l jeN {,Vj}+(—7TJT)3

=1

< s s Y Ingdila sy Sns 1F sz,
Hg”H—S(]R3):1 jeN

where the supremum is taken over smooth g. Here we used that we can consider
(nge;)(y; + -) as a test function on T3, and that the sum is actually finite thanks to
the compact support of 7. O

For the discrete-time Strichartz estimates, we need to introduce a Fourier cut-off
on the torus (similar as (2.2) on R?). For feD (T3) and K > 1 we define the square
frequency cut-off operator 7 via the truncated Fourier series

(k) = Cm)72 Y fetr xe T 2.3)

lkloo<K

Here, the sum is taken over all k € Z> with |k|s = max;—123|k;| < K, and ﬂ
denotes the k-th Fourier coefficient of f. From the definition of the Sobolev norm
(1.6), it follows that wx is bounded on all spaces H* (T3, uniformly in s € R and
K >1.

Theorem 2.6 Let (p, q, v) be admissible and T > 0. We then have the estimates

int|V|

1
™k fller racrsy Spg.r L+ KD PN f gy (r3),
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. 1
e Vg hll 2 pooemsy S (14 KT +1og K)2 7] g1 ).

forall f e HY(T?), h € HY(T?), t € (0, 1], and K > 1.

Proof We only give the proof for the first estimate, since the second one can be shown in
the same way, using Proposition 2.4 instead of Proposition 2.3. We define the function
v(t) = "Vixg f fort € R. Since

v(t) = eVlng f = cos(t|V) g f +ilV| 7 sin(t|V])|V|mk f

is the smooth solution to the linear homogeneous wave equation on R x T? with initial
data (wx f,1|V|nk f), the extended function Ev solves the corresponding problem
on R x R3 with extended initial data (Eng f,iE|V|nk f), i.e.,

(04 —A)Ev =0, Ev(0)=EFEngf, 0Ev(0)=1iE|V|nkf.

Letn € CSO(R3) be a cut-off function such that » = 1 on B(0, V37 + T). The
function

w(t) = cos(t|V)(nEmk f) +ilV|™ sin¢|VNME|V|zk f), 1 €R,

solves the same full space wave equation with truncated initial data. Finite speed of
propagation yields Ev(f, x) = w(t, x) forall (¢, x) € R!*3 with |7 +|x| < V37 +T.
This condition is in particular satisfied if (¢, x) € [0, T] x (-, n)3. Consequently,
”U(nt)”(f‘TLq (T3) (24)
= ||EU(”T)“zf,TLq((_n,ﬂﬁ) = ||w(nf)||gi"TLq((_n,n)3) = ||w(nT)||gf,TLq(R3)

< 11 cos(TIVINETK fllyrpas, + I1VI7" sin(nz | VINE|V Iz fller o)
We decompose the cosine-term in (2.4) as

[lcos(nt|V)nEmk f”if,TL‘i(Il@) (2.5)

+inz|V| +int|V|

< |Im2ke 77E7TKf||ngLq(]R3) + (I —m2k)e 77E7TKf||/ngLq(R3)-
The first term of (2.5) is estimated using Proposition 2.3 and Lemma 2.5, which gives

||7%2Ke:|:inﬂv|

1
nE”Kf||szLq(R3) S_,p,q (I+K7)»r ||7IE7TKf||HV(]R3)
1
St (L+ KO 7 | fllgy sy

For the second term of (2.5), we first compute the Fourier transform

QmIFMEng f) =i+ F(Engf)=i* Y. fidk= Y. fin(—h.

[kloo<K [kloo<K
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where 8; denotes the Dirac deltaat k € Z>. We now use the Hausdorff—Young inequal-
ity to obtain
I = 720 W Eng fllgr s,

< ||]l{‘ég-‘zzK}eiinﬂs‘]:(nEnKf)”ngLq’(RS)

Srllgesaky Y AlAC = Ol Lo @)
[kloo<K

For [§]| = 2K > \/glkl, we can estimate

1

2

A PN 3
DUURISKI YD AP SIERN e

[kloo<K [kloo<K

lw

thanks to the Cauchy—Schwarz inequality and the Parseval equality. Moreover,
i =0l Sy 16 —kI7 < (161 = kD™ < 1617

since 7 is a Schwartz function. Altogether, this gives

Bk e ogey ST 110612260177 o syl 2ems

S fll2ers)-

(I — 72k)e

For the sine term in (2.4), we treat the low frequencies separately to avoid problems
coming from the negative homogeneous derivative |V|~!. We decompose

VI~ sin(ue | VDnEIV Ik Fllrpoges)
<&@V sin(ne|[VONEIVImk fller roms)

U = 727k VI T IEVInk fllr o

U = 7V TV IE Vg fllr o)
For the low frequencies, we use Bernstein’s inequality in space, Holder’s inequality
in time, the boundedness of x % sin x and finally Lemma 2.5 to obtain

17191~ sin(ne |VONEIV |7k fller sy
St 1RV sin(T VDNEIV Ik fllgss, 2

St lImmENVInk fllzwsy S IMEIVITk fllgr-1®3) ST NVITK Sl r-10r3)

< £ g (3)-
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The medium and high frequency terms are treated with the same technique used for
the cosine-term. Proposition 2.3 and Lemma 2.5 give

(7 = 72072k |V e NI E VI fllgr s

1 - _
Spq W+ K7 = 7D)IVITEIVITk fll gy w3

1 1
S U+ KO P InENVIng fllur-1@sy St A+ KO?If gy r3)s

where the operator / — 7| was used to replace the homogeneous by the inhomogeneous
Sobolev norm. Finally, we get similar as above

I = 7 VI e Y ENV [k fller | paes)
< 1Lgei=2k) § 7 e EIFQEVInk Hllgr 0 gy

Srllggz2m &7 D0 I AAC = oIl Ly @)
[kloo =K

Sltgeizaky Y 1AAC =Bl @)
lkloo <K
St fll2ersy-

The assertion now follows from (2.4). O

We now show that the discrete-time Strichartz estimates imply the ones in contin-
uous time, using an argument from Theorem 1.3 of [31]. The estimates could also be
deduced from the full space inequalities reasoning as in Theorem 2.6, cf. [20].

Corollary 2.7 Let (p, q, y) be admissible and T > 0. We then have the estimates

it|V
1" ™ e pacrsy Spa.t 1 e ),

_ 1
ek hll 2 pocrsy ST (1 +log K) 2 (1Al 1 (r3),

forall f € HY(T3), h € HY(T?), and K > 1.

Proof We only give the proof for the second estimate, since it is somewhat non-
standard. The first one can be proven in the same way, additionally using the density
of functions having compact Fourier support in H? (T?). From Theorem 2.6 we get

N
v Y ke VIR sy S (KT +log K) A1 9,
n=0
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forall r € [1/K, 1] and N € Ny with Nt < T. We now replace i with 9Vl and
integrate from O to 7 to obtain

/ len OV s, 0 S1 (KT +log K)[1All1 09,

which implies the assertion if we set 7 = 1/K. O

2.3 Application to the wave equation on T3
From now on we will only work on T3, hence we will abbreviate L = L9(T?) etc.
Moreover, we will only use admissible triples (p, g, y) with derivative loss y = 1.

We call a pair (p, ¢) H'-admissible if (p, g, 1) is admissible in the sense of (2.1).

Corollary2.8 Let T > 0, f € H', g € L?, F € LLL? and w € C([0, T1, H") be
the solution to the inhomogeneous wave equation

onw—Aw=F, w0 =f, 0w =g.
Let moreover (p, q) be H'-admissible. Then w satisfies the estimates

lwilzppe + lm1wmlier 14 S Wl gl + 1Ly z2s
lxwlly o St (1 +10g K02 (I + gl + 1 Flly .2
forallt € (0,1]and K > 1.

Proof By Duhamel’s formula, w is given by

t
w(t) = cos(t|V]) f + t sinc(t|V|)g + / (t — s) sinc(( — $)|V|) F(s) ds,
0

for t € [0, T], where sinc(z) = sin(z)/z. We only give the details for the discrete-
time estimate, since the others are obtained similarly, using Corollary 2.7 in place of
Theorem 2.6. First, by Theorem 2.6,

+ A\
71 cos@T|VD fllr 1o < lme-re int| ‘f||gv 19 Spa 1 f e

For the other terms we need to treat the zero-th Fourier coefficient separately. We get

. +int|V -1 A A
Il7e1nt sinc(nt|VDglle 1o Sl YV g = g0)llr g + 180l

Spat VI g = 80l g + ligl2 S ligll2,
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and similarly

TK /m(nt —s)sinc((nt — s)|V])F(s) ds
0

P
KT,TLq

T
< [ ke = sy sine(r = )IVDFG g, 10 0
O T,
T . A T A
ST/IWMMPMWWFWHD—HGMWﬂME+/IHMNﬁ
0 o 0

T ) . T
SMJ/|mew*wm—ﬂmwmm+/|meMs
0 0
5 ”F”LITLZ-
O

It is often convenient to work with the wave equation in first-order formulation. We
therefore define the operator
0 I
A_Q 0, 2.6)

which maps continuously H' ™! x H" — H” x H’"~! and generates the strongly
continuous group of operators

A cos(t|V|)  tsinc(|V])
¢ = —|VIsin(¢|V]) cos(t|V])

on H" x H"~1, forall r € R.

Corollary 2.9 Let f € H, g € L% and F € ¢'L2 Fort € 0,11 and n € N, we
define

n
o nTA n—kyra (O
W, =e (f,g)—i—rkzoe (Fk>

Let wy, be the first component of Wy,. For T > 0 and H'-admissible (p, q) we then
get the estimate

e waller 1o Spag.r 1F s + gl + 1F N 2.

Proof The estimate for the term containing (f, g) is already contained in Corollary
2.8. The term containing F is treated in the same manner as the corresponding term
in Corollary 2.8. O

Corollary 2.10 Let (p, ¢) be H'-admissible and T > 0. Then we have the estimates

T
A 0
‘/0 ¢ (F(s)) as

,Sp,q,T I Fl

Pyl
L2xH-! Ly L

@ Springer



Error analysis of the Strang splitting for the 3D semilinear wave...

T
a0
/O ¢ <nKG(s)) ds

orall F e L LY, G € LAL' and K > 1.
T T

1
SJT (1 -‘rlOgK)z”GHL%L],

L2xH-!

Proof These estimates follow from the dual versions from Corollary 2.7 for y = 1,
which are given by

T .
‘/ e SIVIF(s)ds
0

T .
/ are VG (s)ds
0

L Srat IFl

1
<r (1+10gK)7||G||L%L1. 2.7

We give the details for the term containing G. We split

T B 0
e’ ds
‘/0 <”KG(S)> L2xH-!

T
< H/ g s sinc(—s|V])G(s)ds
0

H-!

T
/ g cos(—s|V|)G(s) ds
0

d
L2

H-!

The cosine term is estimated directly using (2.7), and for the sine term we compute

T
H/ g s sinc(—s|V])G(s) ds
0

L2

+
H-1

T A
/ sGo(s)ds
0

1 ~ 1
St (4102 K)2 (G = Goll 2 1 + 1G 1 1 St (1 +1og K)2 (Gl 2 101,

T
S H / mxe V(G (s) — Go(s)) ds
0

using (2.7) and |Go(s)| < [|G(s)]| 1. o

2.4 Some properties of the filter operator 7y

We will need the following Bernstein-type estimates.
Lemma2.11 Letr € R, s > 0 and q € [2, 00). We then have the estimates
g hll gser S KX IRl A7
< g3G-P
Ik fllLa Sq K72 47l fllg2,
forall K > 1, f € L?>, and h € H".

Proof The first estimate follows directly from the representation of the Sobolev norm
(1.6), and the second one uses the first one combined with Sobolev embedding. O
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The following lemma quantifies the convergence mx — [ as K — o0, and will
be used to control the error terms that arise from the insertion of the filter into the
numerical scheme (1.2).

Lemma2.12 Forall K > 1 and s > 0, we can write
I—mx = (K "|Vigg)',

for an operator ¢ that is bounded uniformly in K on all Sobolev spaces H", r € R.
We moreover get the estimate

I =7 fllay < K'Y fllar
forallK > 1,r e R,y <r,and f € H".

Proof We work in Fourier space. Let ¢px be the Fourier multiplier for the function
L{jk|o>K} K /K|, which is bounded by 1. The estimate then follows from

I =) fllay = K IAVIR) ™ flluy < KV fllar
O

The next lemma will be crucially exploited in the error analysis of (1.2) when using
the summation by parts formula to exploit cancellations in the error terms. This strategy
is inspired by [4], cf. Property (OF4) in Theorem 3.14 there. Roughly speaking, the
idea is the following. From basic semigroup theory, for v € H” x H'~!, the integral

T
/ etvdr e HY x H”
0

is an element of the domain of A; and
T
A[ evdr = (e = D.
0

We would like to exploit something similar in the discrete setting, namely, that
N-—1
TA Z enrA
n=0

is a bounded operator on H" x H’~!, uniformly in ¢ € (0,1] and N € N with
Nt < T. If we formally insert the geometric sum formula, we obtain

NrA_I

N—-1 .
TA Z A = TA—b—r.
0 et — ]
n=l
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But this does not lead anywhere since the operator ™4 — I might not be invertible for
certain “resonant” step-sizes t. However, if we introduce the filter operator

I, = diag(mw,-1, m,-1)
and apply the assertion of the following Lemma 2.13, we get
N-1
MoatA Y "™ =W (V™ - 1), (2.8)
n=0
which indeed is a bounded operator on H” x H'~! as desired.

Lemma 2.13 Forall t € (0, 1], we can write
TAT,-1 = (¢4 — D,

where the operator Y is bounded uniformly in T on all Sobolev spaces H™ x H™ !,
relR

Proof One checks that the equality holds for

|V]sin(z|V])

cos(t|V]) =1
|V]sin(z|V])
cos(t|V]|) —1

T
\IJT = —Enrfl

This operator is uniformly bounded in 7 thanks to the presence of I, -1, which ensures
that we only need to consider the Fourier modes with t]k| < V3tlklss < /3.
Therefore, we can exploit that the function

X sin x

cosx — 1

is bounded on [0, /3]. O

3 Nonlinear wave equation
3.1 Review of local wellposedness theory
The wellposedness theory for (1.1) is well known, therefore we only address the most

important points. See, e.g., the monographs [30, 32] for more details.! Note that,
thanks to finite propagation speed, the local theory is essentially identical to that of

1 We also refer to [25] for the question of “unconditional uniqueness”.
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the corresponding problem on the full space R3. We first reformulate the Eq. (1.1) as
a first-order system in time. Using the wave operator A from (2.6) and the notation

g(u) = —uu®, G(u,v) = (0, g(u))
for the nonlinearity, one obtains the equivalent system

wU@)=AU@)+GWU®1)), te]0,T],

3.1
U©) = @’ 0"

for the new variable U = (u, d,;u). The local wellposedness is shown by a classical
fixed point argument based on the Duhamel formula

t
U(t) =e“‘(u°,v°)+f TTIAGWU(s)) ds (3.2)
0

for (3.1). In the case @ = 3, the Sobolev embedding H' <> L°® implies that the
nonlinearity G leaves the space H' x L? invariant. Therefore, the fixed point space
for U can be chosen as a closed ball in C([0, b], H! x L2) for some b > 0 small
enough. If « = 4, one needs to involve a Strichartz space for u in the fixed point
space. A particular choice that fits well to the the estimate from Corollary 2.9 is the
space LO([0, b], L?). This leads to the following local wellposedness theorem for the
nonlinear wave equation (1.1).

Proposition3.1 Let « < 5 and R > 0. Then there exists a time b = b(R) > 0 such
that for all (u®, v°) € H' x L? with || (u®, v0)||H| «12 < R, there is a unique function
U = (u,du) € C(0,b], H' x L?) satisfying (3.2). For o = 4, we moreover get
u € L8([0, b1, L?) with estimate

lullpspo < R (3-3)

Remark 3.2 (a) The function U = (u, d,u) from Proposition 3.1 solves the semilinear
wave equation (1.1) and the equivalent formulation (3.1) in the following sense. Since
gm), Au € C([0, b], H~1), the Duhamel formula (3.2) implies that 8,214 belongs to
C([0, b], H~!) and that the differential equation (1.1) holds in this space. Thus, the
Eq. (3.1) then also holds in C ([0, b], L?> x H™).

(b) The local wellposedness theory is slightly different in the case of the critical
power o = 5. More precisely, the a-priori existence time b > 0 then not only depends
on the H! x L? norm of the initial data (uo, vo), but also on the initial data itself.

(o) If o € {3,5} and u = 1, one can exploit the energy conservation law to show
that solutions to (1.1) are in fact global in time. This does not work if © = —1 or «
is even, since in those cases the energy might become negative and does not control
the H' x L? norm. However, in this work we will not address questions of long-time
behavior.
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From now on we will always assume the existence of a solution on a fixed interval
[0, T].

Assumption 3.3 There exists a time 7" > 0 and a solution U = (u, d;u) of the non-
linear equation (1.1) with o € {3, 4} such that U € C([0, T], H' x L?) with bound

M = Ul Lge (11 x1.2)- (3.4)

3.2 Nonlinear estimates

We derive some important estimates for «# from Assumption 3.3 that will be used later.
First, we extend the a-priori estimate (3.3) to other H'-admissible Strichartz pairs
(p, q), to the possibly larger time interval [0, T'], and also to a discrete-time estimate.

Proposition 3.4 Let u, T, and M be given by Assumption 3.3 and let (p, q) be H'-
admissible. Then we have the estimates

”””L?U + ||7TKM||Ll;Lq + 7w —1um) o2 g0.77.19) Spagm.T 1,
1
Ik ull 2 oo Sn,r (1+log K)2
forallt € (0,1]and K > 1.
Proof We only need to show that

MOl Smur L, (3.5)

then the result follows from Corollary 2.8. In the case « = 3, the bound (3.5) already
follows from the Sobolev embedding H e LS If o = 4, we take b = b(M) from
Proposition 3.1. Let L € N be the minimal number such that jb > T. The bound (3.3)
then implies that

1

L ib
J 1
g = |3 [ o ds | S LEM S,
j=1

Sobolev and Holder inequalities now yield that
3 3
gl y 2 < Nlullpy pallullpgere Sr leellzg pollullzge Smr L,

thus (3.5) is also true for o« = 4. ]

In the next lemma we give convergence rates for the difference between g () and
g(mwxu). We will often use the elementary Lipschitz bound

lg) — gl < (*" + [wl*Hv — w] (3.6)

for the nonlinearity g.
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Lemma3.5 Letu, T, and M be given by Assumption 3.3. Then we have the estimate
lg@) — gkl 1 g1 Smr K~
Moreover, if o =3,
lg @) = gl 2 S K~'(1+log K),

and for o = 4,
1
lg) — gkl 2 Sur K72

These estimates are uniform in K > 1.

Proof In the general case, we estimate

lgu) — glmrxwlip1 p-
< a—1 a—1 _
S+ D =l g

a—1 a—1

S.; (”u”L(;—le,(a,l) + ||7TKM||L¢;"—IL3(Q,1))”(I - nK)u“LC;CLZ
—1 —1
Smr K- lullpe g Su K70

using the Sobolev embedding LS < H! , estimate (3.6), Holder’s inequality, Propo-
sition 3.4, and Lemma 2.12. Similarly, for « = 4,

3 3
Ig() = gGrrwlipr 2 S N(ul” + lwxul ) = wx)ull g2
3 3
SCul™ + g ul ) sl = w)ullpgors
< 3 3 —
S Ul s + il I = 70ull oy
1 1
Smr K72 lullpsem Sm K2,

where the Sobolev embedding H Fes L3 and Proposition 3.4 with (p, q) = (3, 18)
were used. Let now o = 3. Then we decompose

lg) — gGrrwlly 12 < g) = gGrxaw)lpy 12 + g (rgau) — g(exilly ga-
We obtain similar as before

2 2
lg@) = g2l g2 S Il + |mgeul)I —mg)ully) g2
2 2
Sl +lmeul®) sl = mg2)ull o ps
St (ull?y o+ lmgeull?s DIT = m2)ull
~T L‘}le K L‘}le K LEH?

—1 —1
Sur K lleell Lo Sm KT,
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using (p, q) = (4, 12), and

lg(m2u) — g (k) 12
S (meul + |mgulmga (= wully
S Wmgul® + lwgul)l y ool (= ull 02
S Ukl 3 o+ Ikull s )IU = 7Ol L2
<m.r K711 +log K)llull oot Sm K~'(1 +1ogK).

Here, the logarithmic estimate for the LZTLoo norm from Proposition 3.4 was applied.
O

4 Error analysis of the semi-discretization in time

We now start with the error analysis of the splitting scheme (1.2). Note that since
G(u,v) = (0, g(u)) we have G(I1,-1Up11/2) = G(I1;-1Uy41), thus we can also
state the scheme in the more compact form

T

Upy1 = erAUn + )

(efAG(n,_.U,,) + G(H,_uUnH)). 4.1)

In view of a later iteration argument, we allow here for general initial values Uy #
U (0). We often denote the discrete times by #, == nt.

4.1 Error recursion

We first establish a useful decomposition of the error.

Proposition 4.1 Let U = (u, 0;u) be given from Assumption 3.3 and U, be given by
(4.1). Define the error E, by
E, =U(t,) — U,. “4.2)

We then have
E,=¢"""Eg+ B(nt) + Dy + Oy (4.3)

forall T € (0,1], and n € Ng with t,, < T. The appearing terms are given by

B(1) :

t
/ IAGWU(5)) — G- U (s))]ds,
0

T2 In (nt—s)A /| s s s s di(s)
D=5 [T = s -2 (dz(s)+d3(s)+d4(s)) ds. (@44)

n
Qn =1 _ " P [GI-1U 1) — G- Up)],
k=0
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and
di(t) = =2g"(w,1u(t))mw,—10,u(t),

do(t) = g" (e u(®) ||V 1u() > + (r,-18,u(1))?],

, 4.5)
d3(t) = g (m—1u(t))m -1g(u(?)),
da(t) = 2g (m—1u(t)) w1 Au(t).
Here we define
c0,0:=0, con= Cnn = 57 Ckn = 1
fork e{l,...,n— 1} and n > 1. We can alternatively write
, [T n—1 d
2 ses (k)T —s)A 1
D, =% /0 5(S 1)k2_:0e (d2+d3+d4)(tk+s)ds. (4.6)

Proof A straightforward induction based on (4.1) shows that the numerical solution
satisfies the discrete Duhamel formula

n
Up=€""Up+1Y_ crne PG, U). 4.7
k=0

We subtract it from its continuous analogue (see (3.2))
nt
U(nt) = " U(0) + / e"TTIAGU (5)) ds
0
to obtain

n
E, = ¢""AEy + B(nt) +/ e"TTIAG(I,-1 U (5)) ds
0

n
—1 Y e PTAGITL U 1) + Q.
k=0

To get the desired formula for D,,, we use the error representation of the trapezoidal
sum

th n 1}’1—1 tk+1
fo F(s)ds—r;ck,nmk):gl;)A (5 — 10)(s — tep1) F"(s) ds,

where we set F(s) := e"*=)A4G(I1,-1U(s)). We compute

’ _ ,(nt=s5)A[ _ 01 0 i . )]
F'(s)=e [ (A 0) (g(nr_lu(s))) + ds (g(?‘[r—lu(s))

— T—9A < —g(m-1u(s)) )
- g —1u(s))mw -1 0,u(s)
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and
" _ (nt—s5)A| _ 01 —8(m—1u(s))
Fl)=e [ <A 0) <g’(7‘r,1u(s))7‘[,18,u(s))
+i< —g (7 -1u(s)) )}
ds \g (T —1u(s))mw —10;u(s)
_ e(nr—s)A ( dy(s) >
dy(s) +d3(s) +da(s) )’

using that Alg(w)] = ¢g”(w)|Vw|> 4+ g’(w)Aw and the differential equation (1.1).
Since

Tk1

n—1

1

32 / (s = 1)(s — i) F'(5) ds
k=0 Ik

72

th
=5 ["w-n0a - HFw s =D,

we can conclude that formula (4.3) is true. The substitution § = s — # yields the
alternative representation (4.6). O

Remark 4.2 The first component of Q,, defined by (4.4) satisfies

n—1

[Quli =7 Y [e" P e, [G(T U (1) = G(T-1 Up)]
k=0

.

Here, the notation [-]; means that we take the first component of the vector. The n-th
term in the sum vanishes since the first component of the nonlinearity G is zero.

4.2 Estimates for error terms resulting from the filter

We now deal with the term B in (4.3) that results from the introduction of the filter
function IT,—1. Here we face the following difficulty. If we move the L> x H~! norm
inside the integral and apply Lemma 2.12, we end up with a term roughly of the form

2l ) Aull 1 g1

Now we would like to use a nonlinear product estimate, but we do not have enough
regularity available to obtain an optimal error bound. For example, consider « = 3
so that g’(u) ~ u?. From Assumption 3.3 we get u € L‘;"H1 and Au € L‘;OH_l.
Moreover, thanks to Proposition 3.4 we can exploit that almost u € LZTLOO. But a
product estimate of the form |[vw|| z—1 < vl g1age llwll -1 is wrong because in 3D,
in general one only has

lvwllg-1 S lvllwisnze lwllig-1,
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which would require additional integrability.

To solve this problem, we follow a different strategy. We do not move the L? x H ™!
norm into the integral at first. Instead, we involve integration by parts in time, which
helps to “move regularity to the right position”. This technique was used previously
in, e.g., [4] in a context without Strichartz estimates.

Remark 4.3 An alternative approach to the above problem is based on the use of
integration by parts in space instead of time. We do not pursue this approach here
since it would be less flexible in view of possible generalizations to non-periodic
boundary conditions or L°°-coefficients in the nonlinear part as in [4].

Lemma4.4 Let U = (u, oru), T, and M be given by Assumption 3.3. Let B be given
by (4.4). We then have the following estimates. If ¢ = 3,

1B 1wz Smr t(1+ |logT)),
IBOl 21 S T2(1+|logT)),

and for o = 4,

1
1B g1z Sur T2,

3
B2y Smr T2,

uniformlyint € (0, 1]andt € [0, T].

Proof Since
1BOgixrz Srollg(u) — gl g2,

the bounds for the energy norm follow directly from Lemma 3.5 with K = 7~!. For
the estimates in the weaker L? x H~!'-norm, we use a decomposition. We first split*

t
B(t) = f =G (s5) — G(I,2U(s))] ds
0
t
+ / UG (M,2U (s)) — G(I,-1U(s))] ds
0
=1L + b.
Using again Lemma 3.5,
11l 21 S 18G0) = g(re-2) 1 1 St 72

For the second term, we write

1
G(I,2U(s)) — G(IT,-1U(s)) = / G’ (Ur ()T ,—2(I — T1,-1)U (s) 6.
0

2 Similar as in the proof of Lemma 3.5, this first decomposition is in principle only necessary for o« = 3.
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Error analysis of the Strang splitting for the 3D semilinear wave...

Here we use the notation
Urp(s) = 0m,2U(s) + (1 —0)m—1U(s)

and write u, ¢ for the first component of Uz g so that

’ = 0 X
G (Urp(s)) = <g’(ur,9(5)) 0) .

Moreover, in order to gain a power of t, we insert the equality
=
(I —M,1) = (tDd;) ",

where D = diag(|V|, |V]), and ®; = diag(¢,-1, $,-1) is given by Lemma 2.12.
This leads to the representation

T—a 1 4 T—a
L= rT/ / "G Uy g(s),-2®, D2 U(s)dsdo.
0 Jo
Next we observe that D = J A for the operator

_ (0 —v!
s (9,715,

Here we define the zero-th Fourier coefficient of |[V|~! f to be zero, for arbitrary
functions f € H". To simplify notation, we set , := I1,-> P, J, which is a bounded
operator on H" x H'"~! for all » € R, uniformly in 7 € [0, 1). Altogether we derive

o 1 t - —a
L= 177/ / IAG (U, 5(5)®: D7 AU (5) ds d6.
0 0

Using the differential equation AU = 9;U — G(U) from (3.1) that holds in
C(0, T], L? x H_l), we split this term again into

T—a 1 ! ~ 5—«
b= IT/ / UG (U, 9(s)D. D7 8,U(s)ds do
0o Jo

w 1 t - w
5t / / IAG (U, () ®: DT G(U (5)) ds db
0o JOo
T—a
=12 (I — Dp).

The term involving G (U) is estimated using Holder’s inequality with % = % + % and
the Sobolev embedding Le < HT by

~ 5
20 2x g1 ST osup (18" (ur, ) [P D2 Gl | s
0€[0,1] LpLs

@ Springer



M. Ruff

< Sup llg’ (ue, oLy LzIIIVI g(u)IILwH 1
be
a—1 a—1 o
S |||nfzu| el g el
S (el sy Wt ) Ml
Smr 1,
where the estimate in the last line follows from Lemma 3.5. Here, the notation [-];

means that we take the first component of the vector.
The term involving 0, U is integrated by parts in time, which gives

1 A ~ 5—a t
b= fo [e“—” G’(U,,g(s))cb,DTU(s)]S:Ode
1 pt »
+ / / AeIAG Uy o(s) B DT U s) ds dd
0 JO

1 t
d ~ s
—/ /0e(t_s)AaG’(UT,g(s))CDIDSTU(s)dsdQ

=Dhi1+hi2—Dhi3.

The boundary terms /> 1,1 can be estimated only using Sobolev and Holder inequalities.
For 6 € [0, 1] and s € {0, 7}, we get

1211l 2x 1 ST llg’ (e, e(S))[D CDTU(S)h”
< g (ur o))l 7||[D “P, U(S)]1||

< (”n,,w(s)”m— + ()| )||U(s>||Hlez Sw 1,

-3 6 . . . .
using H ‘T < L&@. The term involving A is estimated by

57
12120 21 ST 118" (ur0)[D2 Uil g2
5—
< g (u D7 b, U
<18 o)l o IDFEUNI, o
-1 —1
Sum ||7Tr*2u||a 6@-1) T ”jT‘L"lu”a 6a—1) * (4.8)
LD;—IL a3 L‘;_IL a3

If « = 4, the quantity (4.8) contains the L3TL18 norm which by Proposition 3.4
is uniformly bounded by a constant depending on M and 7. Thus, in this case,
Ia202xg-t Smur 1. If @ = 3 we instead use the logarithmic endpoint esti-
mate from Proposition 3.4 for the L%Loo norm to bound the term (4.8), which gives
1212 2 g—1 Smr 1+ |log T]. Finally, to get the estimate for /> 1 3, we observe
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that
d / 14
G (tr,0(s)) = g (ur,0(5)) stz p(s)
= 8" (ur,9()Om,—20,u(s) + (1 — )7 —10,u(s)).

If o = 4, we use the dual Strichartz estimate from Corollary 2.10 with (p, g) = (3, 18)
to obtain

l~
112,130 225 -1 ST 8" (t7,9)5u7,9[D2 D Uy IIL%LE
T

[T -

= ”g”(ur,@)”L%LQ 195 u<,0 ||L7°9L2 ID2®. Ul "L%"L3
7

2 2
S (||771—2u||L3TL18 + ||7Tf—1M||L3TL13)||3tu||L;°L2||U||L;°(H'xL2)

In the case o = 3, we exploit that the polynomial g(u) = —uu> keeps the frequency
localization 7,2 up to a factor 3. This means that I | 3 = 15,2/, 3.> Hence, we
can apply the dual endpoint logarithmic Strichartz estimate from Corollary 2.10 to
conclude

T3, 2121 3012 g1

1 ~
Sro(1+ [logt)2 ”g//(urﬂ)asurﬂ[DCDTU]l”LZTLI

1 ~
<1+ |logfl)fIIg"(ur,e)IlL;Loo||3sur,9IIL;CLZII[D%UhIIL;oLz

1
S (1 og 72 (g2l 2 oo + Ie-1aal 2 o YNyl 3o 21U N a2

Sm.r (1+]logz)),
again in the end using the logarithmic endpoint estimate for # from Proposition 3.4. O
4.3 Estimates for local error terms

Next, we treat the term D,, from (4.4) that includes the local error terms.

Lemma4.5 Let U = (u, d;u), T, and M be given by Assumption 3.3. For the terms
defined in (4.5), we have the estimate

||d3||L1TH*1 SM,T 1.
Moreover, if a = 3,

||d1||L%~L2 S_,M,T (l + |10gt|)7

3 In view of Remark 1.6, this argument could be avoided by involving another triangle inequality with
1.2 1> 1 3, for instance.
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1
Id2ll 21 St (1+ [logz))2,

and for o = 4,

Smr T2

3 18~
5 18
LT

Idillzy 2 + Nl
L

All estimates are uniform in t € (0, 1].

Proof First consider
/ /
sl g1 S (Tewmeg@ll 6 S el 2sllg@)llp2,2
T LTLS T T
< a—1 o <
~ ”ijiluHLzT(a*l)L““*l) ”u”L%"‘LZ“ Sur 1,

where for ¢ = 3 it is enough to use Sobolev embedding, and for « = 4 we use
Proposition 3.4 and the H ! admissibility of (p,q) = (6,9) and (8, 8). Let now
o = 3, we then derive

S IIg’(ﬂTflu)ﬂf—latullLlTLz < IIg/(ﬂf—lu)llLITLoo||7T1713zM||L;oL2

il 12 <

2
St el oo S 1+ log

and
ldall 2 g1 S 118" Gre-) [Vl + (re-180)*]l 2 13

< 118" Cre10)ll 2 ool Vg1l + (r1800)° | o 1
2 2 )
S Il 2 oo (VI o+ 101202 ) S (14 [og T,
using the logarithmic endpoint estimate from Proposition 3.4. Similarly, for ¢ = 4,

il 2 S 118" Gre—vi)ll 1 pollme—10su] oo s
2

3 _1
N ||”r*1“||L;L|8T 2 ||3[u||L709L2 S,M,T T

and

< 4 2 2
i S llg (ﬂf—lu)llL%LQIIIVﬂflul + @0l
T T

3

lda2|l 3
L2L
2 2 2
Sl s (197l 2+ lwemdul® | )
T L¥PLS LFPL’S
1
2
9

-1 2 2 -
S (Va2 + Nl 2) S T

employing Proposition 3.4 with (p, ¢) = (3, 18). The loss of 7~!/? comes from the
O

Bernstein inequality from Lemma 2.11.
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The term d4 from (4.5) is the most difficult because it involves second partial
derivatives of u. Therefore, we follow the same strategy as in Lemma 4.4. However,
since the situation is now more ‘“discrete” in time, we apply summation by parts
instead of integration by parts. Roughly speaking, this transforms the term containing
dy into terms that can be estimated in the same way as d; and d> in Lemma 4.5. To
use summation by parts, we need the filter IT,-1, cf. the discussion before Lemma
2.13. Such a strategy was again already used in [4] in a situation without Strichartz
estimates.

Lemma4.6 LetU = (u, o;u), T, and M be given by Assumption 3.3. Let D,, be given
by (4.4). We then have the following estimates. If x = 3,

IDull sz Swr ©(1+ |log z)),
IDull 2t Smr T2(1+ | log ),

and for o = 4,
1
IDnllgisr2 Sm,r T2,
3
IDallp2x -1 Sm,T T2,
uniformly in t € (0, 1] and n € Ng withnt <T.

Proof We first note that it suffices to show the bounds in the L2 x H~! norm, since
by frequency localization and the Bernstein inequality from Lemma 2.11 we have*

-1
IDallgtxr2 = Mge=1 Dallgix2 ST 1 Dnll2cm—1-

Using Corollary 2.10 for the term involving d», we start with the estimate
5 ~
IDnllp2xp—1 ST T (”dl”LlTLZ +do+ 3l Lt g1 + 1 Dnall 2 p-1)s

where d» = (1 + |10gr|)1/2||d2||L%L1 fore =3 and d» == ||d2||L3T/zL18/17 for o = 4,

as well as .
— ! (nt—s)As s | _ s s7_ 8 0
D= [z = 1= 9 (40, 0

independent of «. The terms containing di, d, and d3 are estimated by Lemma 4.5.
We still need to deal with the term D), 4. As in (4.6), we write

p n—1 0
_ S¢S (n—k)t—s)A
Dya _/0 5(S I)Ze <d4(tk+s)> ds.

k=0

4 One could also prove the bounds for the energy norm directly by employing a first-order representation
of the quadrature error in the proof of Proposition 4.1.
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Moreover,
0 =2G'(I,-1U (1 + $)) AT, -1 U (tx + 5)
da(ty +5) ’ ! ’
where
, B 0 0
G Ul +5)) = <g'(nr—1u(tk +5)) 0) '
Thus,

n—

T
D=2 [ 3=
0 k

1
RT=DAGN M U (1 + 5))A’TT, -1 U (5 + 5) ds.
0

We now apply the summation by parts formula

n—1 n—2 n—2 k
Y akby =an by + a1y bi+ Y (ax —ars1) Y b,
k=0 k=0 k=0 =0

with q; = e OTAG (I, -1 U (1 + 5)) and by = A’T1,-1U (t + s). This yields
Dys=2(1 + b+ 1)
with

L e "IAG (M1 U (tg—1 + ) AT -1 U (ty—1 + 5) ds,

=
Il
S—
a
U
—~
Y

- n—2
b= f S = De"TIAG (M1 Ute—1 +9) Y A T U (4 + 5) ds,
0 k=0
T n—2
I = f %(% —1) Ze((n—k)r—s)A (G/(Ht—l Uty +5))
0 k=0
k
e TG/, U (i + s))) 3 AL UG+ 5) ds.
j=0

Next, we insert the equality
TAI, .1 = (™ — DV,

from Lemma 2.13, where the operator W; is bounded on H" x H”" “lforallr € R,
uniformly in 7 € (0, 1]. The term I; is bounded by Sobolev, Holder, and Bernstein
inequalities via

I 21 S sup g/ (remiu(tuey + )™ — DYWL AU (ty—y + )11l s
s€(0,1] L5
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S sup g (meru(ta—r + )3 IAU tamt + 9l 2 g1

sel0,7]
-1 _a=3 —1 _a=3
Sum ”771*1“”(2%0143(0(71) St ”M”i‘;OH] Sm T2
As our next step, for j € {0,...,n —2}and s € [0, 7] we define the sum

j j
S(t,j,s) =1 ZAZHFI Uty + 5) = Z(e”‘ — DV, AU (1 + 5).
k=0 k=0

Note that a rough estimate of S(, j,s) in the L?> x H~!' norm using the triangle
inequality would either produce a loss of ™!, destroying the optimal convergence
rate, or require H? regularity of u(r), which is not covered by our Assumption 3.3.

Therefore, we have to treat this term with more care. A shifted version of Duhamel’s
formula (3.2) yields

J
S(z,j,5) =D W AU (k41 +5) — Ut + )]
k=0

J T
— Z/ W, AT AGWU (4 + 5 + 0)) do.
0
k=0

We can exploit this telescopic sum to conclude that
1S, o M2k St IIUE11 +5) = US| grgge
J T
+3° Mgt +s + ol do
k=00
S WUl gemtxre + llgGllLy g2 Smr 1, (4.9)
uniformly in j € {0,...,n—2},7 € (0, 1]and s € [0, t], where also (3.5) was used.

This is the cancellation that was already discussed in (2.8) in a simplified form. Hence,
we can bound the term [, similar as /] by

1202wt S sup g/ (mp-1u(tu—y +sNIS(T.n — 2,911l s
s€0,7] L>
< osup 18/ (r—tu(tn—y + DI lIS(T,n =2, 9 125 g1
s€[0,7]
a=3
<M,T T 2

~

For the term I3, we need another decomposition. We split it as
=151+ I,
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where

Ly = %/ IR Z (=094 — NG (M,-1U (1 + 5))
k=0
-S(t,k,s)ds,

Liy: %/ 58— 1)26((n7k71)t7s)A

k=0
( (M, U + ) — G'(TT, 1 U (s —i—s)))S(t k, 5) ds.

For I3 1, observe that
I — e ™ =1Api(—TA),

where ¢1(z) = (e* — 1)/z. Since the function ¢; is bounded on iR, the operator
¢1(—1A) is bonded on H'x L2, uniformly in 7 € (0, 1]. Hence, for @ = 3, we derive

rn—2

115101 25 g1 / ZHG(I‘I LUt + 9))S(T, k, $) |l 152 ds

rnZ

/ an (o1t + )L IS, K, $) | 2, g1 ds
Swmr ||nflu||im Swmr 1+ |logrl,

using estimate (4.9) and the logarithmic endpoint estimate for « from Proposition 3.4.
Similarly, for « = 4, one obtains

rn—2

1310l 2em—1 Sr / D lg Gromrult + ) s IS (x. k)il 3 ds
0 k=0
3 _1 _1
Slweuls, 5772 sup 1Sk )2t Sur T2
T ke{0,..., n—2}
sel0,7]

using Proposition 3.4 and the Bernstein inequality. For the term /3 », we first substitute
§ = s+t to get

foe
Ba=1 [T @A _ e - 15
0
(G UE) — G AU +9)S@, 12,5 — Tl£ ) ds.

We first consider the case @« = 3. By the polynomial structure of g, we have the
frequency localization /3, = Il5,-1132. We can thus apply the dual logarithmic
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endpoint Strichartz estimate from Corollary 2.10 to obtain

In—1
1320l 2 -1 St 1 ((1 + |log ]) /0 [ (' (ro—1u(s)) — g’ (rp-1u(r + s)))

S L2 s =Tl 7 ds)

1
SMT %(1 + [log T2 lg (r-1u) — &' (p-1u(r + ~))||Lt271Lz,
(4.10)

also using the bound (4.9) for S. To conclude, the equation
T
u(s) —u(t +s) = —/ oru(s +o)do
0
implies
g (r,—1u) — g’ (rp-1u(r + -))Ingfle

T
S g o] + 18" (r-ru( + DIl 2 (L Sup / [9;u(s + o)l 2 do
n- 0

s€[0,5,1]

1
Sm.r Ime1ull 2 poetlull g2 Smr (14 [logel)2t.

Together with (4.10), this implies the desired bound for I3 5.
If « = 4, we follow a similar strategy to obtain

h—1
1202w STt (/0 (g Gro—1u(s)) — g’ (m—1u(t +5)))
2
3 3
IS £ s —TLEDh| 7 ds)
L17
Sut gt — g/ Greu £ 5
In—1

Slg"Gre-unll 5 llme-19iull o3
L7L°
1

1
1 2 1
St T2y I8l e St T2,
T
which concludes the proof. O

4.4 Proof of the global error bounds for o = 3

We give different proofs of the global error bounds depending on « € {3, 4}, since
the proof for « = 3 is somewhat simpler and does not use discrete-time Strichartz
estimates. We still need to deal with the term Q,, from (4.3). For « = 3 it turns out
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that it is enough to use Sobolev and Holder inequalities. We write u,, for the first
component of U, as well as e, for the first component of E,,.

Lemmad4.7 Let U = (u, o;u), T, and M be given by Assumption 3.3 with o = 3.
Define the error E, by (1.2) and (4.2). We then have the estimates

lgCre-110(t)) = g1z St (1+ el )llenll .
lgGremrae(t)) = gGrertin)ll - St (14 lleallZ Yllenll2

forallt € (0,11 andn € Nwithnt <T.

Proof From (3.6) combined with Sobolev and Holder inequalities, we deduce

lgGre-1ut) — gCreamn)llz Sur (1 Nanly ) llenll .

lgCre-rte(t) = g Gl g S (14 laalld ) llenll 2.

The assertion follows from this by inserting u,, = u(t,) — ej,. O

We can now give the proof of the global error bound for &« = 3. We use a standard
procedure based on the discrete Gronwall inequality. The error bound for the H! x L?
norm is inductively exploited to get a uniform control on the numerical solution U,
in H! x L%, which is also essential to obtain the error bound in the L? x H~! norm.
This strategy goes back to [22].

Proof of Theorem 1.1 for« = 3 We apply Lemmas 4.4, 4.6 and 4.7 to the formula (4.3),
which gives

lenll g1 S NBMDg1xr2 + 1 Dall g2 + 11Ot g

n—1
Swr tllogel+ 1Y (14 el Ylewlyr, @11
k=1

IEillgisze SIBMO) gz + I1Dullgixrz + 10nllgixr2

n
St tllogel+ 1Y (14 llexl2 )lewl (4.12)
k=1

and similarly
IEnllz2xm—1 S IB0D 251 + 1Dl 2xcg—1 + 1Qnll 25 -1

n
Sur w2logl 4+ (1 Nl ) lexll 2 (4.13)
k=1

forallt € (0, e !]andn € Ny withnt < T. Here we use Remark 4.2 for the estimate
on ¢,, and we exploit that £y = 0. Let ¢ = ¢(M, T) > 0 be maximum of the implicit
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constants in (4.11), (4.12), and (4.13). We then define the final error constant
C = 2ce™T
and choose the maximum step size 7y € (0, e~ '] satisfying
detg < 1, 79|log 79|C < 1.
Let 7 € (0, 7o]. We first show that the bound
lenllgr =1 (4.14)

holds for all n € Ny with nt < T. We proceed by induction on n. Forn = 0, (4.14) is
clear since ¢y = 0. Let now n € N with nt < T'. As induction hypothesis, we assume
that we already have

lexll g <1

forall k € {0, ..., n — 1}. Inequality (4.11) thus yields

n—1

lenllpn < cTllogz]+2ct Y llexl .
k=1

The discrete Gronwall inequality then implies that

2cnt

llenll g1 < ce t|logt| < Crt|logt| <1,

using the restriction T < 7¢. Hence, (4.14) is true. From (4.12) we now infer that
n
1Enllgixz2 < ctllogt]+2ct Y llell -
k=1

Hence, using the step size restriction 2ct < % we can absorb the n-th term in the
above sum to get

n—1
1Enl g2 < 2ctlloge] +4ct Y I Ekllgyp2.
k=1
The discrete Gronwall inequality now implies the desired bound

IEnll g2 < 2ce* T t|logt| < Ct|logt],

which concludes the proof of the bound in the energy norm. Similarly, starting from
(4.13) we establish the inequality
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2
IEnll2xp—1 = CT7|log ],

again using (4.14) and the discrete Gronwall lemma. O

4.5 Proof of the global error bounds for a = 4

In this case, estimates in discrete Strichartz norms are needed to control the term Q,, in
(4.3). The estimate for the solution u is already contained in Proposition 3.4. However,
we will also need a corresponding estimate for the approximation u, which a priori
is not clear. To this aim, we first show a “discrete local wellposedness result” for the
scheme (1.2). It should be compared to Proposition 3.1.

Lemma4.8 Let R > 0. Then there is a time by = bo(R) > 0 such that for all
Uy € H' x L? with NUoll 1«12 < R, the sequence (U,) defined by (4.1) with o« = 4
satisfies the estimate

e —1unllgs0.601,.9) < R

forall T € (0, by].

Proof Let j € Ng with#; 11 < 1. The discrete Duhamel formula (4.7) and the discrete
Strichartz estimate from Corollary 2.9 imply

max{[|Un ll g2 (10,; 11, 11 22 1T =1tnlleeo,e;411,1.9)}

S ol g2 + ||g(7Tr—1Mn)”e;([o‘tj],LZ) +Tllglme—1ujr)ll 2. (4.15)
Using Holder, Sobolev, and Bernstein inequalities, we estimate

g Gre—1um)llero.1;1.02) = ||7Tr—1“n”%([o,zj],m)””r"”"||€$c([0,t/]sL6)

1
S tF e lTe-tn 36 0,111, 1 N leso o, 101
as well as
tllgGretujsDl = tlmeuj s S o2 ujelldy.
Similarly, the definition of the scheme (1.2) leads to
laj i S MU erz + T8 Greup) e SN0tz + 72l 1.

Plugging this into (4.15), we derive

Max{ll Unllego 0,1;11, 11 x 22y 1Fe =1t lle6 10,1,11,19)}
1
2 3
S ol + 174 Ime-1un ||e§([o,z.,~],L9> llutn ll g2 jo.1,1, 11

1 11
+12|\Ujll G 2 + T2 (2 10 (4.16)
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The Bernstein inequality from Lemma 2.11 also gives
1
76 || —1uoll o S lluoll - 4.17)

Let C be the maximum of 1 and the implicit constants in (4.16) and (4.17). We choose
the time bg € (0, 1] such that

1 1
b 2C)* R < 3 (4.18)

We next show via induction that

max{||Un||@?0([0’,j],Hle2), ||ﬂr71un||(?([0’tj]’L9)} S 2CR (419)

for all j € No with #; < bg. For j = 0, the claim follows from (4.17). Assume now
that (4.19) holds for some j € Ny with 7;1 < bg. Estimate (4.16) and (4.18) then
imply

max{||Unllese (101,411, 11 x£2)» 1Te=18nll g6 10,1;,11.L9)}

1
< CIR+ b2 2CR)* + T2 2CR* + 72 (r2(2CRY*)*] < 2CR
for all T € (0, by], which ends the proof. O

Using the previous lemma, we can now give an estimate for 0, on a possibly small
time interval of fixed size, under the assumption that we have control on the H N
norm of the starting value Uy of the numerical scheme.

Lemma4.9 Let U, T, and M be given by Assumption 3.3 with « = 4. Let moreover
R > 0and Uy € H' x L? with |Up|lyi ;2 < R. Define U, by (4.1), E, and
Q. by Proposition 4.1 and by(R) by Lemma 4.8. Then for any time b > 0 with
b < min{bg, T}, we obtain
1
1Onllece 10,1, 11 x22) SM.T.R B2 Enl g0 0,61, 11 x 1.2
1
1Qnllese0,61,L2x 1) SM.T.R B2 Enllg2o0,61,22 % -1

forall T € (0, b].

Proof We estimate

1On ||1Z$0([0,17],Hl xL2)
St llgm—u(ty)) — g(ﬂf—lun)||e;([o,b],L2)
S Ng (r—1u(t))| + |g/(7TflMn)|||4z;([o,b],L3)||M(fn) — nllee((0,6],L5)
1 3 3
S; b2 (”nr_l u(ty) ”l?([(),b],Lg) + ||7Tr—1 Un ”Z?([O,h],Lg)) | En ”E;’o([o,b],H' xL2)

1
SM,TR D2 Enllgso 0,61, 51 xL2)s
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using the estimates for the discrete Strichartz norm from Proposition 3.4 and Lemma
4.8. The other claim follows similarly. O

We now show the global error bound for @ = 4. Unlike as for the case « = 3, it
is not enough to use the discrete Gronwall lemma. Instead, we need to apply Lemma
4.9 iteratively on the possibly small intervals [0, T1], [T1, 271] and so on, where we
reach the final time 7 after finitely many iterations. Similar as in the case o« = 3, the
uniform boundedness of the numerical solution in H' x L? (which is needed to apply
Lemma 4.9) follows from the error bound for this norm. This method goes back to [8,
16, 23] in the context of Schrodinger equations.

Proof of Theorem 1.1 forac =4 We set R := M + 1 and define by = bo(R) from
Lemma 4.8. Formula (4.3) and Lemmas 4.4, 4.6, and 4.9 yield

1 1
||En||eg0([tj,zj+b],ﬂlxL2) Su.t |Ejllgisge +12 + b2 ||En||zg0([tj,,j+b],ylXLZ),
(4.20)

31
NEnlles ;. i;40). 020 -1y ST NEjll 20—t + T2 + DN Enllgo 110,40, 12 H-1)
4.21)

for all j € Ng and b € (0, bo] which satisfy U142 < Rand jT +b < T. Let
¢ = c¢(M, T) be the maximum of 1 and the implicit constants from (4.20) and (4.21).
We define the time 77 € (0, T'] by

Ty = min{T, by, ¢ 2}. (4.22)

Moreover, we set L = {%1 € N and define the final error constant C = 2(2¢)L+!
and the maximum step size 7y > 0 by

70 := min{Ty, C2}. (4.23)

For a step size T € (0, 79], we define the indices N := |T /7| € N, N1 :== |[T1/t] €
{1,..., N}, and N,, := mN; for all m € Ny. These definitions imply that N <
Ny . In addition, we define the quotient £ := |[N/N;] € {1, ..., L}. This gives the
decomposition

£—1 ¢
(0. tn] = [ ltny - 81U Tt tv] =2 | T
m=0 m=0

where each interval J,, has length less or equal 77. To measure the error in each of these
intervals, we set Erry, = || Enllgsc(y,, g1 xr2) form € {=1,..., £}, where J_; := {0}.
We aim to show the recursion formula

Err,, < 2¢(Brrpy_; +77). (4.24)
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Note that once (4.24) is proved for all indices in {0, . . . , m}, one can derive the absolute
bound
m
2 m+1 _ 1
Err,y <212y Qo) = 20t t T T bt ord <1, @25)
= 2c — 1

using Err_; = 0 and the step size restriction t < 7 from (4.23).

Let us now fix an index m € {0, ..., £}. If m > O we assume that the inequality
(4.24) holds for all indices in {0, ..., m — 1}. From (4.25) we get that Err,,—; < 1,
and thus

NUN, It < WU NI gtwre + IEN, I g2 < M+ By <M+ 1=R.

Estimate (4.20) and the definition (4.22) of T then imply

1 1 1 1
Err,, < cllEn,, |l g1xz2 +¢t2 4+ Ty Erry < cErry g +c12 + EErrm.

Hence, the recursion (4.24) and the bound (4.25) are true for all m € {0, ..., £}. This
finishes the proof of the bound in the energy norm. Similarly, starting from (4.21) we
obtain the recursion formula

3
I Enlle20 (g, 125 -1y = 2¢(1 Enllgeoy,,_y,12xH-1) +T7)

forall m € {0, ..., £}, which yields the estimate

3
I Enllee(jo.7),L2x 1) < CT2

as in (4.25). O

5 Full discretization

5.1 Proof of the fully discrete error bound

The proof of Theorem 1.5 is very similar to that of Theorem 1.1, such that we only
highlight the differences. These mainly come from the introduction of the trigonomet-

ric interpolation operator Zg in (1.4).

Definition 5.1 Let N > 1 and f € C(T?). We define the trigonometric interpolation
Iy f as the trigonometric polynomial

UvNH) =02 Y e, xeT,

|kloo=N
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where the coefficients fk N are given by the discrete Fourier transform

fk,N (271;)2(2]\7_’_1)7 Z f<2i]7:{1>e i2N+1k
[Jloo=

We moreover set Zy = diag(Iy, In).

We need the following well-known generalization of Bernstein’s inequality to the
L7 setting, see, e.g., inequality (5.2) in [13].

Lemma 5.2 The estimate
Ik fllwie S Kk fllza

holds for all ¢ € [1,00], f € D'(T?), and K > 1.

We further need an estimate for the trigonometric interpolation error in L?-based
Sobolev spaces. For a proof, see Corollary 3 of [15], Theorem 1 of [1], and Lemma 3
of [26].

Lemma 5.3 Let g € (1, 00). We then have the inequality
3
I = 1) fllze Sq D K1 lwma
m=1

forall f e W34,

These two results can be combined to the following estimates, which are used below
with ¢ = @b

Lemma5.4 Letq € (1, 00) and ¢ > 1. Then the estimates

.
(I — Ik fliLe Sqe K ek fllwias
Ik mek fllLe Sq.e ek fliza,

hold for all f € D'(T3) and K > 1.

Proof of Theorem 1.5 We use the decomposition
1U ) = U p2em—1 < 10 = TOU @) 21 + I U @) = Ul 21
Thanks to Lemma 2.12,

I —TR)U ) 2t Su K71

5 This is not possible if one has a general nonlinearity as outlined in Remark 1.6. In that case, the proof
of Theorem 1.5 becomes slightly more complex. In particular, it would be necessary to write out the w34
norm appearing in Lemma 5.3 using product and chain rules, then apply nonlinear product estimates, and
only afterwards use Lemma 5.2.
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It thus remains to estimate EX := Mg U(t,) — UK. We define N := min{K, t~}.
Analogously to Proposition 4.1, we decompose

EK = " EK 4 TIg B(ty) + TIx D, + O, + T Py (5.1)

where the terms B and Dn are defined in the same way as B and D,, from (4.4), but
with [Ty instead of IT,-1. The other terms are defined by

On:

n
T Y crne" ARGV U (1) — GV U],
k=0

n
Pyi=1) cine” VA = I) GTINU ().
k=0

The term B is bounded using Lemma 4.4 with N —1 instead of 7. For the term ﬁ,,,
we get the same estimates as for D,, from Lemma 4.6, since the additional g inside
the nonlinearity does not affect the argument. For Q,, it is also possible to get the
same estimates as for 0, from Lemmas 4.7 and 4.9. Here one uses the frequency
localization g(wryu) = muxg(ryu) and the second inequality from Lemma 5.4 to
get rid of the interpolation operator /g . We still need to deal with the term P,, which
contains the interpolation error. For the sake of brevity, we only give the details for
o = 4, since the easier case o = 3 is treated similarly. We estimate

||ﬁn||egO([0,T],H1xL2) Srolld = IK)g(TFNM(tn))||el([o,T],L2)
S KM gGrnu) e o, a)
S KM Gnua)) oo, 16 17w Vit eso go,71,23)
S K2 a3y g0,y 17w Vi Ol o, 71,22,

1
<ur K2

~ VL,

using Lemmas 5.4 and 2.11 and Proposition 3.4. Similarly, we obtain

||ﬁn||€?°([0,T],L2><H71) ,ST ”(I - ]K)g(ﬂ'NM(tn))Hgl([ 6

0,T],LS)
< K 1 ayul(t
~ ||g( N (n))”a([Q L 1%)

S K™! ||g/(7TNM(tn))||z;([o,T],L3)|||7TNVM(fn)|||eg°([o,r],L2)
-1 -1
< K w135 0.y, 0 Smr K7
Here it is important to use the interpolation error estimate from Lemma 5.4 with
g = 6/5. If we stuck to L?-based estimates, we could for the L?> x H~! norm only

reach a sub-optimal estimate of order K ~!/? (the same as above for the energy norm),
since optimal error bounds for trigonometric interpolation in negative Sobolev spaces
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are not available. Now that the estimates for all term appearing in (5.1) are given, we
can finish the proof as in the semi-discrete case above. O

5.2 Numerical experiment

For the numerical tests we need initial data («°, v) which lie in H' x L? but do
not have higher regularity. The standard approach to obtain initial in a Sobolev space
H*(T?) is to take Fourier coefficients of the form

(14 kP~ 2G++p ke 73, (5.2)

for some numbers r € £>°(Z%) and small ¢ > 0. Most commonly, one uses rx uni-
formly distributed in [—1, 1] + i[—1, 1]. This approach is well suited to precisely
obtain the desired differentiability of order s. However, it is known that such random
initial data does not only belong to H*, but also to all L9-based Sobolev spaces H*¢
for 1 < g < oo with probability one. This can be exploited to obtain an improved
local wellposedness theory for the nonlinear wave equation (1.1) with random initial
data compared to the deterministic setting, cf. [6]. Since our error bounds are purely
deterministic and heavily use L7-based inequalities such as Sobolev and Strichartz
estimates, it is crucial to numerically work with initial data which do not have higher
integrability than predicted by Sobolev embedding. The following lemma shows that
this can be achieved by simply taking » = 1 in (5.2).

Lemma 5.5 Lets € R. We define a distribution f € D' (T¢) by its Fourier coefficients
fo= A4 kP26 kezd, (5.3)

Then, for all ¢ > 0, the following assertions hold.

(@) f e H5(TY), but f ¢ H*(T9).
®) If—dj2 <5 <dJ2, then f ¢ LT5+¢(T%),

Proof a) We have

11 = D A+ Pl = 3 (4 k)75

kezd keZd

< <1 +/ x| 42 dx) < 00,
RI\B(0,1)

but | £ 11 = 1+ fra\ o1y 1617 dx = o0.

b) For N € N, we consider the truncated Fourier series

an f(x) = (271)_% Z fkeik"‘, x e T?.

[kloo=N
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Let a > 0 such that cos(z) > 1/2 for all |z] < a. For all |x|; < a/N, we can thus
infer that

anf) = Y A+ kD EEET = 3™ (14 k)T EE cos(k - x)
[Kloo=N Koo ZN

2 Y W

I<lklow<N

Hence, for g € (1, 00),

_d d_ . _d _d_
RIS D SN T et Sl N ™
1<]k|oo <N I=l[=N
N
d d
:N’E/ pdflf‘é Sdp = 2 —itis
1 d—2s

which is unbounded as N — oo if d/q < d/2 — s. By Theorem 4.1.8 in [11],
f € L1(T?) would imply that my f — f in L9. Thus, if d/q < d/2 — s, f cannot
belong to L7 (T9). O

We illustrate our error bounds by a numerical experiment for the nonlinear wave
equation (1.1) with u = 1 and powers o € {3, 4, 5}. We focus on the error of the
time integration, since we have proven optimal spatial error bounds, as noted before
Theorem 1.5. The initial data (x°, v°) are defined using (5.3) withd =3 ands = 1+¢
or s = ¢, for a very small ¢ > 0. We use a scaling such that ||u0||H| = ||v0||Lz ~ 3.
We apply the scheme (1.4) with spatial discretization parameters K € {23,26,27}.
For the implementation we identify T3> = [0, 1] such that the spatial resolution
(distance of the collocation points) is h = (2K + DL We compare the errors in the
£2°([0, 1/4], L? x H~') and £2°([0, 1/4], H' x L?) norms for various step sizes t,
where the reference solution is computed using (1.4) with the same K and et = 2-12,
In the plots only the temporal error is visible since the reference solution has the same
spatial accuracy. Our Python code to reproduce the results is available at https://doi.
org/10.35097/6¢5w0sn5g44m69rx.

For the cubic equation with « = 3, in Fig. 1 we numerically observe temporal
convergence rates of order 2 in the L? x H~! norm and order 1 in the H! x L?
norm, uniformly in the spatial discretization parameter K. These observations are in
accordance with Theorem 1.1. If 7 is small compared to the spatial resolution, the
error is of second order even in H! x L2, however with deteriorating error constant
as K — oo. This behavior was already observed in the one-dimensional case in [10].

In the case @ = 4, we observe in Fig. 2 that the convergence rates which are uniform
in K have reduced to 3/2 for the L> x H~! norm and order 1/2 for the energy norm,
again in accordance with Theorem 1.1.

We also did the experiment for the critical power o = 5, see Fig. 3. Here it turned
out that we get temporal convergence of order 1 in the L> x H~! norm, uniformly in
K. Moreover, we cannot observe a clear convergence order for the error in the H N
norm if T is not small compared to the spatial resolution. This behavior fits to (1.3).
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Finally, we investigated the impact of the filter I1 -1 in (1.4) on the errors. If the
errors are measured in L2 x H~!, the removal of the filter did not result in any
significant difference (not shown in the plots). In the right-hand panels of Figs. 1, 2
and 3, we included for comparison the H L' s L% errors of (1.4) in the case K = 27
without the filter IT,-i1. We observe that for « = 3, the omission of the filter leads to
qualitatively similar results with a slightly better error constant. On the other hand,
in the cases o € {4, 5}, the introduction of the filter reduces the error at least for
the greater values of 7. Note however that the filter also increases the computational
efficiency of the scheme (regardless of o € {3, 4, 5}), as already pointed out in the
lower-dimensional cases in [7, 10].
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