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MAXIMUM NORM ERROR BOUNDS FOR THE FULL
DISCRETIZATION OF NON-AUTONOMOUS WAVE EQUATIONS

BENJAMIN DORICH, JAN LEIBOLD, AND BERNHARD MAIER

ABSTRACT. In the present paper, we consider a specific class of non-autonomous
wave equations on a smooth, bounded domain and their discretization in space

by isoparametric finite elements and in time by the implicit Euler method.

Building upon the work of Baker and Dougalis (1980), we prove maximum

norm estimates for the semi discretization in space and the full discretization.

The key tool is the gain of integrability coming from the inverse of the dis-

cretized differential operator. For this, we have to pay with time derivatives on

the error in the L?-norm which are reduced to estimates of the differentiated

initial errors.

1. INTRODUCTION

In the present paper we consider the non-autonomous wave equation
(1.1) Opu(t,z) = —=\(t,2) 'Lu(t, z) + f(t, z), tel0,T)], z e,

with a uniformly elliptic differential operator L of order two with special emphasis
on the (shifted) Laplacian. The domain @ C RN, N = 2 3, is assumed to be
bounded and convex with a sufficiently regular boundary. On this, we impose
homogeneous Dirichlet or Neumann boundary conditions. We discretize (1.1) with
isoparametric finite elements in space and the implicit Euler scheme in time and
derive maximum norm error bounds for the semi discretization in space and the
full discretization.

A bound in the maximum norm allows us to control the numerical error at every
point in the domain. Compared to the classical estimates in L?, see, e.g., [8,9],
which are implied (with non-optimal order) by our maximum norm error estimates,
and in the energy space H', see, e.g., [19,30], they provide an additional insight
in the approximation quality. For example, they become particularly interesting if
one wants to approximate the quasilinear wave equation

(1.2) Apu(t, ) = —A(u(t,z)) "Lu(t, ) + f(t, z,u(t, z)).

The reason is, that this equation is only well-posed as long as A(u) satisfies a
pointwise lower bound. When discretizing (1.2) in space, it has to be ensured
that the spatial discretizaion inherits this property. Since this requires a pointwise
bound of the numerical approximation, maximum norm estimates, as they are
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provided in this paper, are sufficient to guarantee such constraints. So far, an inverse
inequality has to be employed, which leads to an unsatisfactory CFL condition,
even for methods which are known to be unconditionally stable, or a restriction to
higher-order finite elements, see, e.g., [1,30,31]. Alternatively, H?2-conforming finite
elements, as suggested in [46], can be employed. For those, Sobolev’s embedding
can be used to obtain maximum norm estimates, once the convergence in H? is
established. However, in order to achieve this type of conformity, the number of
degrees of freedom has to be increased significantly. Our hope is to show that these
constraints are only of theoretical nature and can be removed. We are confident,
that the analysis presented here for the linear problem (1.1) is an important step
towards the quasilinear problem (1.2) and also for higher-order methods in time.

In the articles of Baker, Dougalis, and Serbin [6,7], the space and time discretiza-
tion of the linear autonomous wave-equation (i.e., A =1, f = 0 in (1.1)) by finite
elements and one- or two-step methods, respectively, is analyzed. In our paper,
we extend their analysis to the more general case of linear, non-autonomous wave
equations and also to nonconforming finite elements. We point out that the latter
cannot be omitted due to the following reason: In the error analysis, we rely on
elliptic regularity results only available on a smooth domain 2. Unfortunately, this
prevents us from using these results on a computational domain €, with a piece-
wise polynomial boundary. Our research is mainly inspired by [6,7] and we are not
aware of further maximum norm estimates for wave equations discretized by finite
elements. For finite differences on a square combined with a fourth-order in time
scheme, an error bound under a CFL condition is established in [25].

For the spatial semi discretization in [6], Baker and Dougalis trade integrability,
coming from the inverse of the discretized differential operator Ly, for time deriva-
tives on the error in the L?-norm. Those errors are controlled by the derivatives of
the initial error which can be bounded using a properly preconditioned initial value.
For our semi discretization, we use a similar approach and transfer the results with
additional technical effort to the non-autonomous case.

For the full discretization, the proofs in [6,7] rely on an expansion of the discrete
error in the eigenbasis of L. However, we are not aware of how to generalize this
approach to the non-autonomous case. Hence, we pursue the strategy of the semi
discretization. From the implicit Euler scheme we derive discrete derivatives and
adapt the proofs to derive fully discrete error bounds.

In both the semi discrete and the fully discrete case, the most delicate parts are
the estimates of the (discrete) derivatives of the initial errors. In the autonomous
case, many terms cancel out and a spatial error bound of order k + 1 for order k
finite elements is achieved. The additional terms arising in the non-autonomous
case, however, lead to a spatial error bound of order k.

Further, we comment on maximum norm error bounds for finite element dis-
cretizations of elliptic problems as they are the fundamental tool for our error
bounds in the time-dependent case. The first quasi-optimal error bounds in the
maximum norm were given by Natterer [32] and Scott [43]. Many extensions and
refinements have been achieved in the following years, see, e.g., [33,34,36,37,40-42,
45]. More recently in the context of nonconforming space discretizations, maximum
norm error bounds for linear finite elements applied to an inhomogeneous Neumann
problem were derived in [21]. For evolving surface finite element methods, similar
estimates are considered in [23]. In [13], the authors of the present paper extended
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the approach in [11] to derive stability of a generalized Ritz map to higher-order
isoparametric elements.

We also briefly comment on further work conducted in the context of maximum
norm error estimates for parabolic problems. Here, we are aware of two strategies:
In [5,10], a similar approach as for the wave equation is taken and integrability is
gained for time derivatives. Alternatively, some kind of stability of the semigroup
generated by L; on L* is shown. This is done either directly using energy tech-
niques, see, e.g., [38,39], or via resolvent estimates on L, see, e.g., [4,12,35,44].
However, such stability estimates cannot be expected for hyperbolic problems in
general, see [2, Exa. 8.4.9] and [27].

The paper is organized as follows: In Section 2, we present the analytical frame-
work and the space discretization by isoparametric Lagrange finite elements. After
providing some properties of the discretized objects, we state our main results on
the error bounds for the semi discretization in space and the full discretization by
the implicit Euler method.

The main parts of the proof of the semi-discrete error bound are given in Sec-
tion 3. Here, we exchange the integrability in the error for time derivatives of the
defect and trace those back to the initial values. We adapt the presented technique
in Section 4 and transfer it from the continuous to the discrete derivatives in order
to prove the theorem on the fully discrete error bound.

Section 5 is devoted to the final conclusion of our main results. We collect several
approximation results and estimate the defects. Further, the (discrete) derivatives
of the initial error as well as the errors in the first approximations of the fully
discrete scheme are bounded.

In Appendix A, we collect some further results employed in the error analysis.

Notation. In the rest of the paper we use the notation
asb,

if there is a constant C' > 0 independent of the spatial parameter A and the time
step-size 7 such that a < Cb. For the sake of readability, we introduce the notation
t" = n71 and

" = x(t")
for an arbitrary time-dependent, continuous object 2(t) in some Banach space X.
Further, we define

P e O P P N

If it is clear from the context, we write L? instead of LP(2) or LP ().

2. GENERAL SETTING

For a convex, bounded domain Q@ C RN, N € {2,3}, with boundary 9Q €
C*1, s € N, we study the non-autonomous wave equation (1.1) with a positive,
self-adjoint operator L on L?(Q), stemming from a uniformly elliptic second-order
differential operator with regular coefficients. Therefore, we introduce the spaces
H = L?*(Q) and V = D(L'/?). The equation is further equipped with initial values

u(0) = u®, dyu(0) = v°

and homogeneous Dirichlet or Neumann boundary conditions. Our analysis relies
on the following regularity assumptions of \.
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Assumption 2.1. There are k € N and {4, > 1 such that the following holds.

(A1) There exist Cy > cx > 0 such that the function X: [0,T] x Q — R satisfies
ex <At z) < Cy, te[0,T], xz € Q.
Moreover, we have for & = max{k, {mas}
MATHe C3([0,T), WR>(Q))  and X € C*([0,T],L>()).
(X2) For 0 < € < las and u € D(LY?) it holds
M, N lu € D(LY?).

We note that assumption (A2) guarantees that the multiplication with A preserves
the boundary conditions incorporated in L.

Example 2.2. Two admissible choices are L = —A with Dirichlet boundary
conditions (V = H(2)) and L = —A + Id with Neumann boundary conditions
(V = HY(Q)). In this case, we have the following sufficient conditions for (\z).

(a) If VA has compact support in §2, (A2) is satisfied for any #yax € N.

(b) For homogeneous Dirichlet boundary conditions, we always have £,y > 2
and achieve {y,,x > 4 by the product rule if

(2.1) VoAl =0.

In the Neumann case, it holds £y.x > 1 and (2.1) yields £pax > 3.

(c) Having the quasilinear case (1.2) in mind, and assuming A = A(¢,u) where
u is the solution in V, then (2.1) follows directly in the Neumann case and
in the Dirichlet case, a sufficient condition is given by 9, A(t,0) = 0.

Further, condition (A1) directly yields the following lemma.

Lemma 2.3. Let Assumption 2.1 be satisfied for some k € N. Then, we have for
tel0,T],0<{<k,1<p<oo,andje{0,1,2} the bounds

[oawe| ., <Crllelwes. |20, < Cxliellyer

with a constant Cy > 0 depending on A and its derivatives.

Equivalently to (1.1), we consider the non-autonomous wave equation in first-
order formulation

(2.2) Awy(t) = A(t) " Ay(t) + F(t), te 0,7,

with initial value y(0) = 3° in the product space X =V x H, with

., (a?u) . <Z§> At — <1§1 A(()t)>7 o (_oL I(?)’ F(t) = <f?t)).

In particular, we emphasize that under Assumption 2.1 the operator A generates
the time-dependent inner product

(23) (QO | 'l/})A(t) = (A(t)@ | d))Xv te [OvT]v 9071/) € X.

The corresponding norm is equivalent to the norm of X, i.e., we have

2 2 2
24)  enlleld < lelie < Callel te 0,7, p e X,
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with constants

ca = min{l, ¢y}, Ch = max{1,C,}.
Further, we conclude from (Ag2) the continuity of the map
(2.5) A(t): D(A®) = D(AY), 0< €< lyax, t €[0,T].

Our analysis relies on the solution operators of the Poisson equation in second- and
first-order formulation, respectively. In particular, we introduce the second-order
solution operator S: H — V given by

(2.6) Sel)y = V)y, peH peV.

For the analysis, we heavily rely on the following elliptic regularity result [17,
Thm. 2.4.2.5].

Theorem 2.4 (Elliptic regularity). Let 0Q € C11, then for all 1 < p < oo there
is a constant C, > 0 such that for all p € LP(QY) it holds

[Sellwzs < Cpllells -
Furthermore, we define the first-order solution operator T: X — D(A) by

0 -5
r=( o)
In particular, this implies TA =1Id on D(A) and AT =1d on X.

Space discretization. We study the nonconforming space discretization of (2.2)
based on isoparametric finite elements. For further details on this approach, we
refer to [15]. In particular, we introduce a shape-regular and quasi-uniform mesh 7,
consisting of isoparametric elements of degree k € N. The computational domain
Qy, is given by
=] K=Q
KeTn

where the subscript h denotes the maximal diameter of all elements K € 7,. Based
on the transformations Fx mapping the reference element KtoK e Tr, we intro-
duce the finite element space of degree k for the Neumann case

W ={pecC@)|¢lx =po (Fx) " withpe P*(K) foral K € T,} C V,

and C(Q) replaced by Cy(2) for W/ in the Dirichlet case. Here, ”Pk(fe ) consists of

all polynomials on K of degree at most k. The discrete approximation spaces are
given by

HY = (W) HP = (WG] ) ieay),
VhN = (Wlivv (- | ')Hl(Qh))v VhD = (WhD’ (1 ')Hé(Qh)) ’

and we set X =V, x Hy, with (V}“Hh) € {(VhN,H}JLV), (VhD,HhD)}
Following the detailed construction in [15, Sec. 5], we introduce the lift operator
Ly : Hp, — H. In particular, for p € [1, 00] there are constants ¢,, Cp > 0 with

(2.7a) Cp H‘PhHLp(Q;L) S ||£h90h||Lp(Q) <Gy H‘PhHLp(Q;L) ) on € LP(),
(2.7b) ¢ ”(thWLP(Qh) < ||£h<Ph||W1,p(Q) <G ||‘PILHW141(Qh) . on € WHP(Qy),
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cf. [15, Prop. 5.8]. Further by [14, Sec. 4], the lift preserves node values, i.e. in
particular

(2.8) InLron = on, ©n € Vi,

where we denote the nodal interpolation operator by I, : C(Q) — Vj,. As shown in
[15, Thm. 5.9], we have for m € {0,1}, 1 < p < o0, and 1 < ¢ < k the estimates

(2.9) [(1d — Eh[h)‘PHWm,p(Q) Shfm ||‘P||Wl+1,p(g) ) p e Wé+1’p(ﬂ)~

Further, ¢ = 0 is allowed for N < p < oo.
We define the adjoint lift operators LhH*: H — Hj and £}f*: V — Vj by

(2.10a) (Li o | ¥n) gy, = (@ | Lavon) g s ¢ € H, Yy € Hy,
(2.10b) ()" | Un)y, = (@ | Lnton)y e eV, ¢y € V.
From [18, Thm. 5.3] and [15, Lem. 8.24], we obtain for 1 < ¢ < k the bounds
(2.11a) 128l g, S el 2y - p € L*(9).
@ID) = el S P el € HTQ),
aswellasfor 0 </ <k

(2.12) [(d = Lo Ly )elly, S POl ress gy p € HH(Q).

For the analysis in the following sections, we additionally rely on stability and
approximation properties of E}f*. These features are well known in the literature
for conforming finite elements, see, e.g., the monograph [11, Ch. 8]. In the non-
conforming case, stability is shown by the authors for isoparametric finite elements
in [13]. For the Neumann problem, the convergence of linear elements is studied
in [21], and it will be part of our future research to extend this to higher-order
isoparametric finite elements. Further, in the context of evolving surfaces similar
estimates are considered in [23].

Assumption 2.5. The adjoint lift is stable in W1, i.e.,
Hﬁi‘z/*wﬂwl,w(gh) S H‘PHWLOO(Q) ) Y e Wl’oo(Q)-
For 0 <{ <k, it holds
(2.13) H(Id - ﬁhﬁx*)wle,w(m < h H‘P”Weﬂ,oe(g) ) 2B WHLOO(Q)~
Combining (2.7) with (2.9) and (2.13) immediately gives the bound
@214) = L)l ey S B Ielhpnrnn . @€ WEES(Q).
We will also employ the inverse estimate, cf. [11, Thm. 4.5.11] or [29, Lem. 5.6].
(2.15) lonll e < CRNP o] -

We introduce the first-order lift operator Lp: W%P(Q,)? — W5P(Q)2 ¢ = 0,1,
1 < p < oo and reference operator Ji,: V x H?(Q) — X}, defined by

(L, O _(Lyr0
‘Ch - ( 0 £h> ) Jh - ( 0 Ih )
which are bounded uniformly in & due to (2.7), (2.9) and (2.12). In particular, we

have

(2.16) Tn € LI(WE=()2, (W= (,))%).
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For t € [0,T] we define the discrete operators A, (t): Hp, — Hp, Ap(t): Xp — Xp,
and the discrete right-hand side F},(¢) by
Id 0 0
(2.17) M(B)on = In (A(t)ﬁh%), An(t) = (o Ah(t)> . F(t) = (EX*f(t)) .

By (2.8), one can replace \(t) by LpIpA(t). Note that if Assumption 2.1 holds for
some k > 2, we have \(t), f(t) € H?(Q) and thus by (2.7) it holds A(t) L € C(9).
Hence, the discrete operators and the discrete right-hand side are well defined.
Moreover, as Ij is a nodal interpolation operator the inverse operators satisfy

(218) )\h(t)iltph = Ih ()\(t)ilﬂhgoh), Ah(t)il = (I(()i )\h((t)>_1> .

Correspondingly to Lemma 2.3, we collect important properties of \;, in the follow-
ing lemma.

Lemma 2.6. Let Assumption 2.1 be satisfied for some k > 2. Then, we have for
te0,T], £€{0,1}, 1 <p < oo, and j € {0,1,2} the bounds

[oan@en| .., < Oallenllwens A0 o],

with a constant Cy > 0 depending only on A and its derivatives.

S C)\ ||§0hHWLp )

Proof. We note that by (2.17) and (2.18) it is sufficient to find a constant C inde-
pendent of h such that for ¢, ¥, € V4, it holds

(2.19) 110 (Lronlatn) | ew i,y < Clentnllwesay)

for ¢ € {0,1}, 1 < p < co. This can however be reduced by the affine transformation
to the reference element K, cf. [15, Lem. 4.12], where the constant then only
depends on N and k, i.e., the (finite) dimension of P*(K). O

Furthermore, due to the definitions of .J;, and A}, based on the nodal interpolation
operator I, we particularly have by (2.8) the identities
(2.20) An(t)Jn = JuA(t), A () T, = JuA(t)
Finally, we introduce the operators Ly : V;, — Hyp and Ay : X — X, given by
0 Id
(Leen | ¥n) g, = (on | ¥n)y, »  An= <—Lh O) s Phyn € Vi

Note that these operators are not uniformly bounded with respect to h.
Correspondingly to (2.3) and (2.4), the discrete operator A, generates the time-
dependent inner product

((lph ‘ wh)l\h(t) = (Ah(t)@h | ¢h)xh ) te [O’T]’ Sohawh € Xh7
with the induced norm being equivalent to the norm of X, i.e., we have
2 2 2
(2.21) can llenly, < lenlia, @) < Can llenllx, t€[0,T], on € Xn.

We define the discrete solution operator S, = L;l : H, — Vj, by
(2.22) (Sheen | n)y, = (on 1Y)y, s Pns¥n € Vi,

and further the corresponding first-order solution operator

(0 =S
Th_(Id 0)’
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which again satisfies T, Ay = Id and A, T, = Id.
The spatially discrete non-autonomous wave equation in first-order formulation
then reads

(2.23) Ouyn(t) = An(t) " Apyn(t) + Fu(t), te0,7),
with the initial value
(2.24) yn(0) = yh = ThAn(0) T JpAA(0) " Ay’
Due to (2.20), this corresponds to
yg = (ThAh(O))QJh (A(O)ilA)zyO.

We emphasize that this choice, which is motivated by [6], is crucial for our analysis.
For error bounds of differentiated errors such choices also had to be employed in
[16,22]. Similarly, the right-hand side F}, defined in (2.17) satisfies

(2.25) F, = TyJ,AF.

In the spatially continuous case, the solution operator S can be used to obtain
regularity which is traded in for pointwise estimates via the bounded map

S: L? — H? — [,

However, since we use Lagrangian finite elements which are not H2-conforming, this
approach does not work with S;,. Hence, in the following we provide estimates of S,
that directly give us integrability without a detour via higher-order Sobolev spaces.
The following result has already been proven in [10, Lem. 4.1] in the conforming
case only, and we give an adapted version of the proof in Appendix A. Since we
work throughout the paper with the first-order formulation, we state the result for
Th.

Lemma 2.7. Let Assumption 2.5 be satisfied, 00 € C11, p > 2 and ¢,r > 1 with
0< % — 1% < % Then, the solution operator T}, satisfies
HThthLPXLq 5 ||€hHLq><LT

for &, € Xy,

A direct consequence of the above lemma for N = 2,3, is the possibility to
consider the maps

(2.26) X, LA x L2 2 14 x 14 Iy oo s g4 I oo o 1o,

which allow us to bound the maximum norm |||« in terms of the energy
norm ||-|| if we apply the solution operator T}, sufficiently often. We explain in
Section 3 how to employ this observation.

We can finally state our first main result on the semi discretization. The proof
is given in Section 3. We use the notation

k* = max{k,2}

in order to treat linear and higher-order finite elements simultaneously.
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Theorem 2.8. Let 9Q € CFtLL let Assumption 2.1 hold for lpe. > 2 and
k = k+1, and let Assumption 2.5 be satisfied. Further, assume that the so-
lution of (1.1) satisfies

y € C*([0,T], Wrtho(Q) x WrHLNTL(Q))
n ([0, 7], (H* *2(Q) N DL)) x (H*T1(Q)nD(L)))
N C([0,T], WFtLoo(Q) x Wk (Q)),
and the right-hand side
feC3([0,7), H* (2)) n ¢2([0, 7], Wk (Q)) n C([0, T], (H* **(Q) N D(L)) ,
and the initial value yn(0) is chosen as in (2.24). Then we have the error bound

||y(t) - £hyh(t)||Loo><Loo S Chk,
where C' is independent of h.

— =

Full discretization. We study the full discretization with the backward Euler
scheme

(2.27) Oryn = (AR) " Apyp + Fy,
where 7 > 0 denotes the time step and the discrete approximation of the time

derivative is for a sequence (™) given by

_ . n—1
(2.28) Or™ %.

For the fully discrete scheme, we introduce the initial value
(2.29) Yy = TpAr TrJ AAY) 1Ay
which corresponds, due to (2.20), to

Y = TR AL TRAZ T (A?)TTA(AY) 71 AYO.

Our second main result on the full discretization, which is proved in Section 4,
then reads as follows.

Theorem 2.9. Let 9Q € CFtLL et Assumption 2.1 hold for liee > 4 and
k = k+1, and let Assumption 2.5 be satisfied. Further, assume that the so-
lution of (1.1) satisfies

y e C3([0,T], HY(Q) x H*(Q))
ST, Whe(Q) x WHNTL(Q))
,T],W’“““’(Q) WHLNHL ()
7], (H* T2(Q) nD(L)) x (H**1(Q) nD(L)))
1]

N C([0, ], WETE>2(Q) x Wh>(Q)) N C([0,T], D(AF %)),
and the right-hand side
feC3([0,7), H* () n C2([0, 7], W12 (Q) nDL*/2)) n C ([0, 7], DLF/>)),

and the initial value yY) is chosen as in (2.29). Then, there is 19 > 0 such that for
7 < 19 we have the error bound

[y(t™) — Loy}l ooy poo < CT + CRMBRLna=2) 1 gy > 3.
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where C' is independent of h and 7, and ¢ is independent of h.

We refer to Remark 5.9 below in order to explain the minimum in the convergence
rate. Further, we emphasize that the first three approximations do not enter the
above error bound. If we want to bound them as well, we need the following
resolvent estimates in the maximum norm.

Assumption 2.10. [t holds the resolvent estimate for p > 0

- log(h)|
An(t)'Ly) H < clloe®ly oy
o+ ey < €T el

with a constant C independent of h and t.

Remark 2.11. Resolvent estimates of this type have been shown in the literature
at least for the case A(t,z) = Ao € Rsg. For example, in [3, Thm. 2.2] and
[4, Thm. 1.1] homogeneous Dirichlet boundary conditions and Lagrangian finite
elements on smooth domains were considered and in certain cases the logarithmic
factor can be removed. In [24, Thm. 15], the case N = 3 on polyhedral domains
is studied. However, since the technique of proof is related to the ones in As-
sumption 2.5, i.e. [13], [23], we expect that this proof extends to our more general
case.

This yields the convergence also of the first approximations.

Theorem 2.12. Let the assumptions of Theorem 2.9 hold. If additionally Assump-
tion 2.10 is wvalid, we obtain

Hy(té) — L:hyf;HLOOXLOO <C(r+ hk)|log(h)|é, £=0,1,2.

Extension to other L? x LY bounds. We briefly comment on how to extend the
above stated results to dimension N = 1 as well as error bounds in the spaces
L®x [P and LP x LP,

2N
for p* < N_9°

paper. The main modifications are given by an adaption of (2.26).
In the case N = 1, we use Sobolev’s embedding to see

since they are easily concluded from the proofs presented in this

X, < L x L2 17 150 % [
and the proofs shorten significantly as we only have to apply T}, once. Further, we
simplify the initial value in (2.29) and the right-hand side to

0
2.30 O — TnyY, Fy(t) = .
(2.30) 9 = Jhy 0= (7, 00)
Similarly, for N = 2,3 we employ a variant of (2.26)
Xy, e IP < L2 I o o ot I poo o o

such that we only need to apply T} once or twice, respectively. For a bound in
LP" x [P we use the initial value (2.30) and for L™ x LP" we take

0
2.31 9 =T, J,A9°, Fu(t) = )
231) 8= TadnAy 0= ()
From these, the corresponding versions of Theorems 2.8 and 2.9 are derived along
the lines of the following sections.
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Corollary 2.13. Let 09 € C*+tL1. Further, let y be the solution of (1.1), and let
the initial value yp(0) be chosen as in (2.31).
(a) Let Assumption 2.1 hold for lp,q. > 1, and let y satisfy

y € C*([0,T], Wrtho(Q) x WL+ ()

N C*([0,T), (H* *2(Q) nD(L)) x (H* Q) nD(L)))

N C([0,T], WHheo(Q) x Wk (Q)),
and the right-hand side

£ eC?([0, 1), H¥ (Q)) n ¢ ([0, 7], WrHe ()
n ([0, 7], H* (@) nD(L)).
Then, we have the error bound
ly(t) = Lryn (@)l po ov < CH*,

where C' is independent of h.
(b) Let Assumption 2.1 hold for £, > 3 and let y satisfy

y € CY([0,T], H'(Q) x H*())
N C3([0,T], Whoo(Q) x WhVHL(Q))
N 02([0,T] Wk+1 OO(Q) % Wk+1,N+1(Q))
N C2([0, 7], (H* *2(Q) nD(L)) x (H*(Q)nD(L)))
n C'([0,7),D(A?))

N ([0, T], WkEL2(Q) x Wk (Q)) N C([0,T], D(AF F2))
and the right-hand side

fe ([0, 1], wkttee(Q) n D(LF/2)) n C ([0, T), DLY/*+1)).
Then, we have the error bound

y(t") = Laypllpooxpor < CT+ Chminth a1} oy > 9,
where C' is independent of h.

A bound on the first approximation can be achieved similarly to Theorem 2.12.

3. ANALYSIS OF THE SPACE DISCRETIZATION

3.1. Strategy of the proof. We now prove Theorem 2.8, i.e., we derive an error
bound for the spatially discrete approximation obtained by (2.23) in the maximum
norm. To this end, we proceed as follows. We split the error in

(3.1) y(t) — Lryn(t) = (Id— LnJn)y(t) + Ln(Jay(t) —yn(t)) = e, (t) + Lren(t)

and derive an equation for the discrete error e;. With the solution operator T, we
rewrite (2.2) as

TA()dy = y + TA(L)F(t), te0,7],

with initial value y(0) = y°. Correspondingly, we use the discrete solution operator
T}, to obtain from (2.23) the semi-discrete equation

(32) ThAh(t)é‘tyh =y + ThAh(t)Fh(t), te [0, T],
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len(t)] e —22EL e, ()], RS2 (07 0]

Lemma 5.5

107 8n,0(E)|| oo . o |07 6n.a(1)]]
Lemma 5.2 Lemma 5.4

F1GURE 1. Strategy of the proof of Theorem 2.8.

with initial value y,(0) = y). Thus, we conclude that the discrete error ey solves
the evolution equation

(3.3) Ty Ap(t)Oen(t) = en(t) + on1(t), t€0,T],
with initial value ep,(0) = €9 = Jpyo — y5(0) and the defect
(3.4) S, (t) = (Tadn — JRT)A)Oyy(t) + JRTA(E)F(t) — TrAn(t)Fiu(t).

As illustrated in Figure 1, the proof of Theorem 2.8 mainly consists of two steps.
First, in Lemma 3.1 we exchange the maximum norm of ey (t) for bounds of time
derivatives of ep(t) in X;,. To do so, we use (3.3) and Lemma 2.7, i.e., we rely on
the property of the solution operator to gain integrability as sketched in (2.26).

Next, in Lemma 3.2 we trace back the time derivatives of ey, (t) to time derivatives
of the initial error e (0), which can be bounded due to the specific choice (2.24) of
the discrete initial value yj. Here, we obtain from (2.2) and (2.23) for the discrete
error ej the evolution equation

(35) Ah(t)ateh(t) = Aheh(t) -+ 5h,A(t)7 te [O,T],
with the defect
(3.6) n,A(t) = (JnA = Apdn)y(t) + JnA(t)F(t) — Ap () Fi(t).

Note that we have the relation 6, Ao = Apdp,r. Moreover, we emphasize that this
defect was already studied in the unified error analysis provided in [18]. However,
here we also have to bound time derivatives of d, t and d, 4. We postpone the
derivation of these bounds as well as the estimates for the time derivatives of the
initial error to Section 5.

3.2. Proof of Theorem 2.8. Our first result shows how to bound the error in the
maximum norm in terms of time derivatives of the error in the energy norm.

Lemma 3.1. Let the assumptions of Theorem 2.8 hold. Then, it holds

2 2
< 6 H Haj-‘rl H .
L i LR RS o L A

Proof. From (3.3) we obtain for j = 0, 1,2 the relation

(3.7) Olen(t) = —0onr(t) + ) (;) ThoI AR ()0 en(t) .

J
£=0



MAXIMUM NORM ERROR BOUNDS FOR NON-AUTONOMOUS WAVE EQUATIONS 13

1
DPn+2

We choose (po, p1, p2, p3,p4) = (00,00,4,4,2) and, since 0 <
norms gives by Lemma 2.7 the estimate

1 1 :
~ on < N taklng

Ofen(t)

5|

o7 (t) )

J
+ Z ’|Tha§_£Ah(t)af+leh (t) HLPTL x LPn+1
£=0

LPn x [Pn+1 LPn x [Pn+1

J
S H8f5h,T(t)HmeLw + ZHafHeh(t)HLan X LPnt2
=0

Resolving this, we arrive at

2 2
len()l oo xroe S D070 s + N0 ()] e o

j=0 j=0
Finally, we use Sobolev’s embedding to obtain

thHL‘le? SJ ||€h||X> fh € Xn,

which concludes the proof. O]

In the following lemma, we provide the bounds of the time derivatives appearing
in Lemma 3.1 in the X norm using the initial errors and certain defects.

Lemma 3.2. Let the assumptions of Theorem 2.8 hold. Then, there is a constant
C > 0 independent of h such that for 1 < j < 3 we have

Proof. In the following, we prove for 1 < j < 3 the estimate
(3.8)

. 2 el 2
| sl + ot )
(=1

The result then follows from using this bound recursively. In the following, we often
suppress the time arguments to increase the readability.

To prove (3.8), we first obtain by taking the derivative of (3.5) with respect to
time

o2 J 2 2
]y 57 2 I0Fen O + 1088

. 2
6{ehH

. 2
A0 +]
LOC(X) teh( ) X+

<@ +T)eCT<‘

i
> (@ 0" Npo e — Andien = 0op a,
=0

for j =0,...,3. Taking the inner product with 8,{6;1 gives
(Ahafﬂeh | 6tjeh> = (Ah(‘?feh | ageh) + (ag(sh,A I ageh)
X b'e X

i-1 .
-3 (Z) (0 Andf* e | Oen)
£=0

Since Ay, is skew-symmetric with respect to the inner product of X, we obtain
with the triangle inequality and Young’ inequality the bound

i-1 .
(1t e 010 = ot 2 ot 5 () o bt
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In particular, due to the boundedness of A;, by Lemma 2.6 and the corresponding
time derivatives, we conclude

(39) 2 (M2 en | Oer) < | 8€5h*A“1 e

. 2 - i1
dlen|| +Cs Y |[oken]’
(=1
with the constants

il 2 A I\ ||ai—ea |7
Cy =2 +jlohnlx, . G5 =, max_ (7 ]at AhH .

L= (L£(Xn))

0=0,...,j—1

Note that these constants are bounded independently of j < 3 by Cs and 63,
respectively.
We rely on (3.9) to bound the first term on the right-hand side of

2

Bieh’

< =2 (80f en | Ofen) + (Dibndfen | Ofen) .

An(t)

Moreover, integration in time, using the boundedness of 9;A;, for the second term,
and the norm equivalence (2.21) yields

< |areno

t
+ [
0

Finally, the Gronwall inequality implies for all ¢ € [0, T]

. 2
H@geh

) 2 J—1
J i 2
An(t) o +t Hat(sh,AHLOC(X) +t; ||ateh|}Lw(X)

I

ds.

O en(s)|

2
Ah, (S)

. 2 , 2 , 2 i1 5
e, 5 ofen @], +t]otona] o
Jotento], = e (oren], )+t Jobma] . + Eloerecr

and (3.8) follows with (2.21). O

With these preparations we can prove our first main result.

Proof of Theorem 2.8. Using the decomposition (3.1) and the stability of the lift
in (2.7), we estimate with the approximation properties derived in (2.9) and (2.12)
19() = Layn)ll poe oo < l€s (Bl oo xpoe + Cnp len(B)l poo s po
< OH g (0) e et + Conp len (O e

and apply Lemmas 3.1 and 3.2. The remaining defects and errors in the initial
values are bounded in Lemmas 5.2, 5.4 and 5.5. O

4. ANALYSIS OF THE FULL DISCRETIZATION

In this section, we establish the proof of Theorem 2.9. The strategy is very
similar to the one in Section 3, see Figure 2, where we replace the continuous by
discrete derivatives. Hence, after introducing some useful calculus, we explain the
adapted strategy.
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[EA - Lemma 4.4 lozer]| Lemma 4.6 LHOZ@{;HX
\ \ emma 5.6
Haﬁ(sﬁ,THwaLw ||815£7AHX
Lemma 5.2 Lemma 5.4

FI1GURE 2. Strategy of the proof of Theorem 2.9.

4.1. Calculus for discrete derivatives. We first need some auxiliary results for
the discrete derivatives defined in (2.28). A straightforward calculation yields the
following.

Lemma 4.1. It holds the discrete product rule
Or (" 9") = (0™ W™ + " H(0-9")
and also the more general discrete Leibniz rule
J .
j n,n J j—¢, n— n -
o) =3 (§) e ). 20
£=0
In order to mimic the strategy of the proof of Theorem 2.8, we state the well-

known discrete version of the fundamental theorem of calculus and a direct conse-
quence of a discrete Gronwall lemma.

Lemma 4.2. Let (¢™) be a sequence in a Hilbert space with inner product (- | -),
and let kg € N.

(a) For any M > ko, it holds

Looay2 o 1y ko2 M A
S < Sl +7 3 (0n97 1)
j=ko
(b) If there are constants a, 81, B2 > 0 such that
(4.1) (@7 | ¢7) < 0+ Bu ||| + B j = ko,

holds, then for T < and M > ko we have

4(51152)
M| < (VI+2780 [l | + v/2Ewa) 2P i

Proof. Part (a) is for example shown in [20, Lemma 4.2]. Inserting (4.1) in (a)
yields

N
™ 1* <l 1* + 20 D2 (o2 + 81 + B2 )

Jj=ko

< (142080 || 7| + 2tw® + 2(8 + ) Z el
Jj=ko
and by a Gronwall argument, see, e.g., [26, Lemma 1], we obtain

[ < (14 208a) [l |+ 2ty JetBrssinn,

Taking roots yields the assertion. [
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We conclude with a useful bound which relates the discrete derivatives to their
continuous limit.

Lemma 4.3. Let Z be some Banach space, j > 1 and x: [0,T] — Z be j-times
differentiable with bounded derivatives, then

H@ﬁx(t")”z < sup H@,fx(t)H
te[tn—i tn)] Z

Proof. This simply follows from an iterative application of the fundamental theorem
of calculus. O

4.2. Proof of Theorem 2.9. As in (3.1), we are interested in bounds on the
discrete error

eh = Jny(t") = yi,
and derive for the exact solution inserted in the numerical scheme similar to (3.2)
TrALJnOry(t") = Jay(t™) + Ta ALy + 64
with a defect of the form, using (3.4),

(4.2) O p = Ono(t") + Trdp A" (Ory(t™) — Oy (t")).
From this we obtain the fully discrete error equation
(4.3) TrAn(t")0re), = ep, + 6 1

For the estimates in the energy we need the equivalent formulation involving the
operator Ay. To this end, we insert Jpy into (2.27) and obtain

Ap(t™)0ry(t") = Apy(t") + Fy' + 05 A
with the defect, using (3.6),

(4.4) 6Z,A = (5h7A(tn) + J,A" ((‘Ly(t") — 8ty(t")).
This gives us the second version of the error recursion
(4.5) Ap(t")0rep, = Apep, + 0 a-

Starting from (4.3), we obtain the following bound as a discrete counterpart to
Lemma 3.1.

Lemma 4.4. Let the assumptions of Theorem 2.9 hold. Then, there exists a con-
stant C > 0 independent of h, T, and n such that

2 2
He;ll”LooxLoo < CZ }|8£5Z7T||wamc + CZ HaiJrleZHX
j=0 §j=0
holds for n > 3.

Remark 4.5. From this lemma it becomes clear that this technique does not provide
bounds for n = 0, 1, 2, since we can evaluate dZe} only for n > j.

Proof. Asin (3.7), we obtain from (4.3) and Lemma 4.1 for j =0, 1,2
dlen = o (423 + ThAh(t”)aTeZ)

j .
= —8,{52;11 + Ty Z (i) 8}{*@/\}1 (t”ff)affrlez
=0
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and the proof follows along the lines of Lemma 3.1. O

The next step is to establish the discrete analogue to Lemma 3.2 where the
discrete derivatives are bounded in terms of discrete derivatives of the initial error.

Lemma 4.6. Let the assumptions of Theorem 2.9 hold. Then, we have

J
l0er % < C+ ) S ([|0keh |y + 9507 all e ) )
/=1

for1<j<3andn>j+1.

Proof. As in the proof of Lemma 3.2, we provide the bound

112 . Uinky
16|+ 10008 Ay + TR )-
=1

cf. (3.8). Using this estimate recursively directly yields the assertion.

(46 Joiegly < ca+ 1T

To do so, we apply the bounds from Lemma 4.2 for ¢" = Ai/z(t")aﬁ'eﬁ. In
particular, we first study the term

(0r™ | ") x = (ALl | Dher)  + ((OrA () 0er ™ 1 47)

where we used Lemma 4.1 and the fact that A,ll/2 is self-adjoint in Xp. Due to
Assumption 2.1 and Young’s inequality, this implies

n n n 9j n ) M n n—1[2
(4.7) (00" | 9")x < (AR0I el | Olet)  + Clle"Ix + C lle" [ -
For the first term, we obtain with Lemma 4.1 applied to (4.5)

J—1 .
ApOIttel = Apdley + 0Lop 5 — Z@) (BI7EATE) (95 ey).
=0

Thus, taking the inner product in X, with dZe} yields as in (3.9) the estimate

2 (AROI T ep | dicy) < [|0267 A% + Clle" ||X+CZ|| eillx-

(=1

Using this bound in (4.7) together with the discrete Gronwall lemma in Lemma 4.2,
we obtain (4.6). O

Hence, we conclude our second main result.

Proof of Theorem 2.9. Using a decomposition analogous to (3.1), we estimate as in
the proof of Theorem 2.8

ly(@") = Loyl Lo xroe < llen ) o xpoe + Cenp llenll Lo e
k
S CR Ny ) lwnsroo scwnoe + Cepp €]l oo oo »

and apply Lemmas 4.4 and 4.6 for n > 3. The remaining defects and errors in the
initial values are bounded in Lemmas 5.2, 5.4 and 5.6. (I
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5. BOUNDS ON THE DEFECTS AND INITIAL CONDITIONS

In this section, we provide all bounds missing in the proofs of Sections 3 and 4.
Throughout, we mostly omit the time dependency for the sake of readability. Fur-
ther, we take the assumptions of Section 2 as given and will only be precise about
the regularity of the solution y and the right-hand side f.

5.1. Estimates of the defects. We first provide certain approximation properties
in the maximum norm which are used for the defects.

Lemma 5.1. Let £ € WkTL2(Q) x WENTL(Q) and f € C?([0,T], WF+L>2(Q)).
Then, the discrete operators introduced in Section 2 satisfy for j € {0,1,2} the
bounds

(5.1) (Thdn = InT)E|| o poo S BT NE N asr oo xpprinsn
(5.2) Hath - JhagFHLOOXL‘” S thangWHlm :

Moreover, for & € (H*(Q) ND(L)) x (W*°°(Q) N D(L)) and the inhomogeneity.
feC(0,T], H*() ND(L)) we have the estimates

(5.3) |ARFn — JnAPF || oo S I ga s
(5.4) [ (Andh = TnA)E| Ly poo S M€l oo -
Proof. We have for ¢ = (p, 1) € WFHLo(Q) x WkN+1(Q)

(SuIn — zg*s)¢)
Ly =I)e )

and the second component is bounded by (2.14). Similar to (A.2), we employ the
inverse estimate (2.15) and compute with (2.6) and (2.22)

I(Sntn = £ S)¢ll o SATE  sup ((Suln = L1"S)v | én)y,

(5.5) (Thdn — JWT)E = (

lenlly, =1
=hn N6 sup ((In — L) | ‘bh)H;
llonlly, =1 L
< hk %1l g

where we used the approximation property in (2.11) and hence, (5.1) follows. Sim-
ilarly, (5.2) follows for j =0, 1,2 from

. , 0
Jm Jm ,
(5.6) HF, — IO F < AT f>

by (2.14). To prove (5.3), we first observe

20 20 0
(5.7) A2F, — J,A’F = ((Lh/:X* 2 IhL)f> .

Thus, the inverse estimate (2.15) yields
|AZFy — JWA2P||, o oo S HTN2|(LAL)* — L)
ShNPLf = TLS|
SE2 L gz S llgga -

X L
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Note that we used the identity L, L} * = LH*L to derive the second estimate and
(2.11) for the third. Due to

B (I _[’V*)w
(Andn — JnA)€ = <(Lh2f‘{* _hIhL)SD> 7

the last estimate (5.4) follows with similar arguments. O

From these approximation properties we conclude the bounds on the defects
appearing in Lemmas 3.1 and 4.4.

Lemma 5.2. Let the solution y € C3([0,
right-hand side f € C%([0,T], Wk+T1(Q)
n (3

(a) The defect op,1(t) introduced i
10782 (O] o o S -

(b) If in addition y € C*([0,T], W">°(Q) x WENTY(Q)) |, then the defect 5! 1
introduced in (4.2) satisfies for j € {0,1,2} andn > j

T), Wktloo(Q) x WEHLNFL(Q)) and the
X

4) satisfies for j € {0,1,2} and t € [0,T]

10205 || o poe ST+ B"
Proof. (a) We decompose the defect &, v = 8}, ¢ + 0 ¢ introduced in (3.4) with
Spoo = (Tndn = IWT)AOy, &0 = JWTAR)F(t) — TrAn(t)Fu(t)
and first consider &} - Differentiating gives for j € {0,1,2}

i .
0lo) o = (Tndn — JaT) Y ( ) A0y,
=0

so that (5.1) together with Lemma 2.3 implies
J
Hagaflb,THLooXLoo S h'k Z ||8f+1y||wk+l,oc ka+1,N+1 M
£=0

With similar arguments, we obtain for j € {0,1,2}

J
0lon o = (JAT = Tpdn) Y ( )aﬂ ‘AOLF + 1Ty, Z < ) AL (JWOLF — OFy) .

=0
Thus, (5.1) and (5.2) together with Lemma 2.6 imply

J
‘ 27 HLOOXLoo 5 hk ; HafwakJrl,oo .

(b) Thanks to Lemma 4.3, the estimate from part (a) extends to this case and
we only have to provide the following bound for the additional defect

(5-8) | Th (An (@ry(t") — Owy(t") )) poenroe S TuajﬁyHleolem'
We first note that it holds

1
(5.9) Ory(t™) — Owy(t™) = 7'/ $)02y(t" "t + 7s)ds,
0
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and hence, we obtain

o1 (A" (0r(t™) — D(e™)))
. §i—t A=t $)0LO2y(t" 1 + 75)ds.
3 (orae [roomtatue

The statement in (5.8) then follows from Assumption 2.1, (2.16), Lemma 2.7, and
Lemma 4.3. 0

(5.10)

In the next step, we consider the time derivatives of the error which we estimate
in the energy norm. We again provide some approximation properties and recall

k* = max{k,2}.
Additionally, we define the operator

(5.11) A = (A%n) 1(21)

and similarly, A7, (A7)~%, and (A")~!

Lemma 5.3. Let &£ € H*Y(Q) x H* (Q) and f € C*([0,T), H* (Q)). Then, the
discrete operators introduced in Section 2 satisfy for j € {0,1,2} the bounds

(5.12) ||(AJh — JrA )f”X ol /13
(5.13) [(Thdn = TnT)E] ¢ S P NEN st o
(5.14) 107 F = Jnd] F || ¢ S BF(0]F| g -
If€ € H1(Q) x H* (Q)ND(A) and f € C([0,T], H* +2(Q)) N D(A), then
(5.15) [AREL = JnAZF| S 2 (£l e 2
(5.16) [ (Andn = JnA)E| S HPUIEN 2 gt -
Proof. Let again £ = (g, ). For the first term, we have
1ATn = T el = ML e = L0y, = [T Laly o) = £ G0y,

and basic manipulations together with (2.19) and (2.14) yield (5.12). For the other
estimates, we proceed analogously to the proof of Lemma 5.1 using the representa-
tion derived there. From (5.5) we derive by the stability of S, in V}, together with
(2.9) and (2.12) the bound (5.13). By the same arguments, (5.6) implies (5.14).

Starting from (5.7), we follow the lines of Lemma 5.1 without the inverse estimate
to derive (5.15). Finally, from [18, Lem. 4.7] we obtain the bound

[(Andn = JnA)E]| ¢ SN = Il g+ 110 = Il g + (1A = In)Lep | 2
and (5.16) follows from the bounds in (2.9). O

With these approximations at hand, we can finally provide bounds for the defects
from Lemmas 3.2 and 4.6.
Lemma 5.4. Let the solution y € C3([0,T], (H* *2(Q) N D(L)) x (H*1(Q) N
D(L))) and the right-hand side f € C3([0,T], H* ().
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(a) The defect defined in (3.6) satisfies for j € {0,1,2,3} and t € [0,T]
|otanat| < nt.

(b) If in addition y € C°([0,T), HY(Q) x H?()), then the defect defined in
(4.4) satisfies for j € {0,1,2,3} andn > j
0263 ally ST+A".

Proof. (a) We estimate the defect with the help of Lemma 5.3. We write with
(2.20)

IWA@)F(t) — Ap(t) Fu(t) = An(t) (JnF (1) — Fi(t)),
and employ Lemma 2.6 and the bounds (5.14) and (5.16) to obtain
1078040 < CHENO7 Y| uc s s + 19| )
(b) Thanks to Lemma 4.3, it remains to show
[0 A™ (y(¢") = ey (t™)) || ¢ S 7|07

Using the continuity of Jj, and following the lines of (5.10), immediately yields the
claim. (Il

y“Hle?'

5.2. Errors of the differentiated initial values. The last part to prove Theo-
rem 2.8 and Theorem 2.9 is to bound the initial error in Lemma 3.2 and Lemma 4.4.
We recall the preconditioned initial values defined in (2.24)

yn(0) = 1) = TpAR(0) T JR AA(0) " AyP.
and in the fully discrete case in (2.29)
(5.17) y) = Tp AT Jng%  with 5% = A(AY)71TAyO.
The aim of this section is to prove the following bounds.
Lemma 5.5. Under the assumptions of Theorem 2.8 it holds for £ € {1,2,3}
|0fen(0)|| , < CR".
Lemma 5.6. Under the assumptions of Theorem 2.9 it holds for £ € {1,2,3}
|0fer|| < C(7 +B¥).

In order to conclude the desired assertion, we proceed in a series of lemmas and
introduce the notation

(5.18) R" = (A" —rA)7, n= (A —TAL) T

We provide a detailed proof of Lemma 5.6 first and explain afterwards how to
conclude the assertion of Lemma 5.5. In order to keep the notation more simple,
we assume without loss of generality in the following that the spatial order satisfies

(519) k* § gmax - 27

with £y.x defined in Assumption 2.1. Note that this directly implies the condition
lmax > 4. Hence, by (2.5) and (5.17)

(5.20) 70 = A(AYH)TTAYY e DAY,

In a first step we find a suitable representation for the discrete and exact solutions.
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Lemma 5.7. The numerical solution can be expanded via
Oryiy = RpAny, ' +Gr. Gi = REALF,
Oty = Ry ARy Anyp ™ + (0-R) Anyy ™ + RiARGE ™ +0:G
PBypr = REARRY T ARRY 2 ARy T + 20, REALRY 2 Apyyr?
+ REARO, Ry ARy 3 + 2Ry Ay
+ REANRETIALGY 2+ 20, RIALGY 2 + REALD.GY ! + 92GY
The same holds for dLy(t™), £ = 1,2,3, with h formally set to zero and
Gp — G" =R"A"(F" +6"), 0" = 0y y(t") — Oy (t™).
Proof. Starting from (2.27), we multiply by A7 and reorder the terms to obtain
(Af = TAp)yy = Ay~ + TARE.
Using the resolvent, this further gives
uh =yn TR ARy TREALEY,
which implies the representation for 9,yj. The remaining identities are deduced

from the product rule in Lemma 4.1. The results for the exact solution can be
derived from the representation

A0 y(t™) = Ay(t") + A"F™ + A™0"
and the same computations as above. ([l

In order to bound the expressions in Lemma 5.6, we subtract the representations
for the exact and the numerical solution. Let us for example consider the first term
in 93e3 = J,03y(t3) — 02y} given by

(92e}), = IWRPARPAR' Ay’ — REARREALR, Any),
- (JhRf‘ARQARlAIA*l - R?LAhRiAhR}LA}LA}‘Lth)QO,

where we used the initial value (2.29) with 3% = A(A*)7'Ay". In order to bound
the difference, we proceed in two steps. First, we move the operators A and Ay, to
the right. Therefore, we employ the identities

(5.21) ARMA™ = A"R"A,  AA" = A"A,

with A defined in (5.11). The corresponding equalities are also valid for the discrete
objects and the inverse A(A™)~! = (A")~1A. Hence, we can write

JhRPARZARMATA TG0 = J, R3AZRZ(A2) L AIALRY (A1) LA

and similarly for the discrete counterpart. A reformulation of Lemma 5.7 according
to the above strategy is given in Lemma A.1. The differences of A and A as well as
F and F}, are bounded by (5.15) and (5.16), respectively. The remaining differences
in front of them are treated by the following abstract estimate. As a shorthand
notation, we set

m

[ B =B™...BY, m>1, and Bl :=1d, m< 1.
=1

J

j=1
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Lemma 5.8. Let Y C X be a Hilbert space, m € N, and consider operators
Bl € L(Xy) and BY € L(X), j=1,...,m, with the following properties:
B = Bl S (r 4+ hF) Jaly
522) I ey, S 0 el
[B7z|y, < llzlly -

Then, the product is bounded by

(n(fi ) - (fLo)n)-

Proof. Using the telescopic sum

(i) (1)) -, )1 )-

(=1 =41

S (40 |z, -
Xn

we immediately conclude the assertion. (I
With these preparations, we finally conclude the bounds for the initial values.

Proof of Lemma 5.6. We estimate the differences of the continuous and discretized
operators in Lemma A.1. We split the proof in two parts. First, we compare the
products of bounded operators involving

(5.23) BI € {A",0,A",92A", (A™)~', A", 0, A", (A»)~1, R™ T}

and the discrete counterparts using Lemma 5.8 with ) = D(A*"). In the second
step, we deal with the powers of A and A} applied to the initial value, the right-hand
side and the defects. Because of 9Q € C**1:1 we several times use the embedding
D(AF) — H*1(Q) x H*(Q), see, e.g., [17, Rem. 2.5.1.2].

(i) We first consider the operators involving A. Under Assumption 2.1 for k =
k+1 and with Lemmas 2.3 and 2.6 and the bound (5.12), the properties (5.22) are
satisfied. For the resolvent R™ , we directly employ Lemma A.2 to compute with
(2.20) and (5.16)

[(R = R}yl x, = 7 [ Ra(TnA = Andi) Ry,
< ChkTHA’“*“RyHXh
< Ch¥|| A%y

-
Finally using (5.13), T also satisfies (5.22) and Lemma 5.8 is applicable.

(ii) We employ Lemma A.1 and denote any product of operators from part (i)
by II and the discrete counterpart II,. Then, we have to compare expressions of
the form

Jll(z + 8) — My = (JII — g Jdp)z + Oy (Jpe — xp) + JRI06
with
(5.24) e {0, Ay°, 0V FY T AVFYY, 5 e {0 T AYSt)
and
wn € {0y, AnJny®, OV Fy T AL Fy Y
where v = 0,1,2. Then, the first part is covered by part (i), provided that

(5.25) |AF ||, <C
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holds for all  in (5.24). This follows from the assumptions of the theorem and
(5.20). The second part is bounded due to (5.14), (5.15), and (5.16). Lastly, the
estimate

1741151, < A%
together with (5.9) yields

|0 TI8]|, S 7( max [|A*+ max [|A”

y”Lw(X) + vy 6:yHL°°(X))’
and hence the desired bound. O

Remark 5.9. We note that the bound in (5.25) is most restrictive for x = Ag°,
since it implies 7° € D(A* +1). However, due to (2.5) one can at best achieve
7° € D(A%max—1) which yields the restriction in (5.19).

We now prove Lemma 5.5 and observe that formally setting 7 = 0 in (2.27),
we obtain the spatially discretized equation (2.23). This observation drives the
following proof.

Proof of Lemma 5.5. Several steps in the proof simplify, and we mainly explain
why we can weaken the assumption on /.. First note, that compared to the
proof above we replace due to 7 =0

R" = (M%)~ Ry — (A7
and the most delicate term is given by
(83en(0)), = Jn(A%)"TA(A) "L A(AO) 1Ay — (AD) T AA(AD) L AL(AY) Ayl
= (Jn(A%)THAD) A — (AR)THAR) T AL )AAY) 1A,
which yields the restriction £, > 2. Further, the terms in (5.23) reduce to
BY € {A°% 8,A%, 02A°, (A%) 71, A0, §,A0, (A0) "L, T}

and we employ Lemma 5.8 with Y = H* +1(Q) x H* (Q). Hence, we eliminated all
powers of A falling on A and no further restrictions on £,y enter and we proceed
along the lines of Lemma 5.6. (Il

5.3. Bounds on the first approximations. This section is devoted to the proof
of Theorem 2.12, i.e., we provide bounds for the first three approximations of the
fully discrete scheme (2.27), which are not covered by Theorem 2.9. For the anal-
ysis, we rely on the following stability estimate for the resolvent as a self-mapping
operator on L™ (£2p,) x L>®(Qy,).

Lemma 5.10. Let Assumption 2.10 hold. Then there is a constant C' > 0, which

is independent of h, T and n such that for all &, € X}, the discrete resolvent R}

defined in (5.18) satisfies

| log(h)|
T

||RZ§h||L°°xL°° <C ||§h||L<>°><L°° .

Proof. Estimating the single components and employing Assumption 2.10 immedi-
ately yields the assertion. [l

With this and the already derived bounds in the previous section, we finally
present the proof of Theorem 2.12.
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Proof of Theorem 2.12. As before, we decompose the error for ¢ € {0,1,2} using
(3.1) and estimate by (2.7), (2.9) and (2.12)

||y(t£) - ﬁhyﬁ“waLw < H(Id - ‘C’h‘]h)y(tz)HwaLoo + HeﬁHme
< Ch* + |leh |

XL *

Hence, we only have to prove the bound

enll oo < C (7 + B5)[Tog(R)[,

which is done separately for £ = 0,1, 2.
(i) For £ = 0, we insert the initial value (2.24) of the semi discretization

He% ‘LOOXLOO < HJhy(t0> - yh(tO)HwaLw + Hyh(to) - ngmeLoo

and estimate both parts. The first part satisfies due to Theorem 2.8
[ Tny () = yn(°)]] oo poo < CRE.

For the second part, we use the definitions of the initial values in (2.24) and (2.29)
together with (5.21) to obtain

yh(to) — y2 =T, (A%Thjh([/{a)_l — A}LTth(;\\i)_l)AQyO.

Due to the stability of Ty, Ay, Jp, and A in W™ x WH°, cf. Lemmas 2.3, 2.6
and 2.7 as well as (2.16), and with the Lipschitz continuity of A and A, provided
in Assumption 2.1, we infer

(ii) For ¢ = 1, we expand

yn(t”) = Yl e < OT A% llypn e -

ey, = €Y +10re; =€) + 1Jn0y(tY) — 10, yp .

Since the first term is bounded by part (i) and the estimate for the second term
follows from (2.16) and the regularity of y € C([0,T], W (Q) x Wh>=(Q)), it
is sufficient to provide a bound on 8;y}. To this end, Lemma 5.7, the definition
(5.17) of the initial value y9, and the representation (2.25) of F}, yield

Oryp = REAL TR (70 + AFY).
Thus, the identity
(5.26) RiALT, =Ty + TR},
together with Lemmas 2.7 and 5.10 yields
HaTylleLWXLW <] IOg(h)|(HAZyOHWl»oolem + 1 fllypree) -
(iii) For £ = 2, we similarly write

el =2eh — e + 12023 = 2e) — €Y + T2 T 0%y(t?) — T(T@?_y%)
and only provide the missing bound on Tazy%. Using the identity (5.21) we obtain
from Lemma 5.7 together with (5.17) and (2.25)

O2yr = RIARETL (G0 + AFY) + 0. R3AL TR, (3° + AFY)

5.27
(5:27) + RO NLTH I AFY + RIAIT, JHAD F2.
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Employing the property (5.26) several times, we obtain

1702y oo s oo < CLOG(M)P (19l 1o srpsme + 11 574),

see Lemma A.3 for details. O

5.4. Adaptions for Corollary 2.13. Let us briefly discuss how the above results
can be improved if it is sufficient to have maximum norm convergence only for
u. The proofs of Sections 3 and 4 can be repeated simply using one derivative
less. Also the defects require less regularity in time, but can be bounded similar to
Lemmas 5.2 and 5.4.

However, the theory changes slightly when it comes to the initial values. In the
semi discrete case, we differentiate the error only twice, and hence need to bound
similar to Lemma 5.5

(97en(0), = Tu(A) AN T Ay" — (AD) AR T Ay
= (a(A0) M (A% TTA — (AR)THAR) M Ann ) Ay

which only yields the restriction /,,x > 1, and we proceed as in Lemma 5.5.
For the two discrete derivatives of the error, we have to prove Lemma 5.6 only
for £ =1,2. The most critical term is then by (2.31)

(02e), = JWRPAR'AyY’ — Ry ALR, Apy))
- (JhRQARl - R,%AhR}LJh)AyO
_ (JhRZAlRl(/F)—lA - RiA,gR}L(/T}L)—lAth)AyO.

We note that in fact Lemma 5.8 is also applicable under the condition £* < £, —1.
However, this is sufficient as there does not enter another restriction on £* from the
choice of the initial value v, cf. Remark 5.9. The rest of the proof then is along
the lines of Lemma 5.6.
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APPENDIX A.

In this appendix we provide the proof of Lemma 2.7 and the postponed calcula-

tions from Section 5. The proof is adapted from the conforming case presented in
[10, Lem. 4.1].

Proof of Lemma 2.7. Let ¢ > 1 and &, = (¢n,¥n)T € Xj. Note that it is sufficient

to
(A

for

prove
1) 1Shtnll e < N¥onll e
p22andr21with0§%—%<%.
Forp:2andr21with%§%<%+%,wehave

1Sntonlly;, = (Swton | Sutbn)y, = Wn | Snton), S I10nll e I1Sneonll, = -
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Due to ;55 < oo for N =2 and ;55 < % for N = 3, Sobolev’s embedding, and

Poincaré’s inequality, imply the bound
[Shonll2 S 1onlly -
For p = oo, we define the modified solution operator
S = LY *SLy,
which satisfies by Assumption 2.5, Theorem 2.4 for r > N, and (2.7)
thwhHLx(Qh) S HS‘ChwhHWLOO(Q) S HSﬁhwhHW%(Q) S ||whHLT(Qh)’

It remains to bound the difference by the inverse estimate (2.15)
|| Shaon — Sh¢h||Lm(Qh) < hNY|| Sy, — Sh¢h||vh

=h™N% sup  (Swon — Swtn | @n
(A-2) lonlly, =1 ( )Vh

=h N sup (¥ | on)m, — (Laton | Logn)g)-

lenlly, =1
We use a variant of [15, Lem. 8.24] to obtain
\(n | on) g, — (Laton | Loen) | S PNLwOll L 1Lntonll g S B llWonll pe llton]

and (A.1) follows for p = co. Thus, an interpolation argument yields (A.1) for all
2 < p < 0, see, e.g., [28, Thm. 2.6]. O

O

Next, we give an extension of Lemma 5.7. We do not provide a proof here, since
the expressions are derived by an iterative application of the identities (5.21).

Lemma A.1. Let 3° be given by (5.20). Then, it holds
Oryh = RuAL(ThJnd” + Fy)
2y = REALR (Jnd° + AnFy) — R0 A RLAL (Trdny’ + Fy)
+ RIAFO-FP + REO-AFF)
Oy = REAFRE(AZ) T ALALRE (ML) ™ A (Jug” + AnF})
—2R}OATREALRE (J7° + AnEY) — RIAZRE(A) 10, A2 ALRA I
+ (2R} O A RO, ARy, — REOZAIR) )AL Th Jpy°
+RINZR2AL0, F2 + REAZR2(A2) 10, A2 A, F}
— REAZRZ(A2)19,A2ALRLA,F}
+ RYAFOZF + R0, M0, Ff, — R0, AL REALO, FY,
+RIONOFE+ RPN FL — R3O0, ASR20, A3 F!
—REOAIRINOFP — REOASRIOANLE) + RO ASRIO-ANIRALES
— RyOZNIREALFY + R0 NS R0, AT R ALy .
The same expansion holds for 0Ly(t), £ = 1,2,3, with h formally set to zero and
FP — F" 46", 6" = dy(t") — dy(t").

Since, in the case A # Id, the operator A does in general not commute with the
resolvent, we provide the bounds which are still available given Assumption 2.1.
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Lemma A.2. Let R be the resolvent defined in (5.18) and Lyqp given in Assump-
tion 2.1. Then, for 0 < £ < 4. there are constants Cy such that

IA"Ry|ly < Cel|A%]|
T[AT Ry [ < Cof| ATyl -

for all y € D(Abmar).
Proof. By the skew-adjointness of A and (2.4), we derive
IRyllx < Cxllyllx
which is the first equation for £ = 0. For 0 < £ < {,,.x — 1, we compute
A Ry | = [[AARE) M Ay||

|| E+1

< [Mlpaeyepary Rllpae—peas ’(A)AH vl

D(AL)«—D(AL)

and the claim follows by induction. The second estimate is due to the resolvent
identity

TATIRy = APARy — Ay
and an application of the above bound. O

We finally prove the bound missing for the convergence of e3.

Lemma A.3. The discrete derivative in (5.27) satisfies the bound
17024l Lo s e < 0GR (19l o race + 1f 11774
with a constant C independent of 7 and h.
Proof. We decompose into four parts by
Pyp = RIMRE IR (7 + AF) + 0-REAL TR, (3° + AFY)
+ REO AT I, AFY + REAF T, J,AD, F?

= 24:(82 i

For the first term, we employ (5.26)
T(0%3), = TREALR)L(3° + AF")
= TREARRLALTH L (70 + AFY)
= 7R} (Id+ TALRLAL(AL) ™) Jn (3 + AFY)
= (TR2)Jn (7° + AFY) + (rR2)AL (FRL) (AL) "' Ay Jy (5° + AFY)
= (TR2)Jn (7° + AFY) + (rR2)AL (FRE) (AL) " J,A (50 + AFY)
+ (TR})A}L (TRh)(A ) ARy — JRA) (30 + AFY),

3N
B
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and use Lemmas 2.6 and 5.10 and the bounds (5.3) and (5.4). We further have by
(5.26) that

T(2yn), = 7O RN TR Jn (30 + AFY)
—(TR7) (0 A7) REALT L Jn (57 + AFY)
= —(TR}) (0:-A7) (T + TRL)Jn (3° + AF?),

and the bounds follow together with Lemma 2.7 as above. For the last two terms,
we observe

T(@fyﬁ)d = (TR})0:A; T) JAF"

7(02y7), = (TRE) AL ThJnAD- F?
such that Lemmas 2.6 and 5.10 yield the assertion. O
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