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Abstract

In this paper we construct and analyze an implicit-explicit (IMEX) scheme for
the semilinear viscoacoustic wave equation with a retarded material law. It con-
tains a convolution term with exponential kernels and is thus nonlocal in time.
Furthermore, the wave equation is equipped with kinetic boundary conditions.
We treat the convolution term via additional variables. In order to make the
problem well-posed, it is essential to perform an appropriate shift to derive auxil-
iary differential equations which are coupled to the first—order formulation of the
wave equation. For the kinetic boundary conditions, we consider these equations
in weighted bulk-surface Sobolev spaces. Second—order error bounds in time are
proven for the IMEX scheme and are supported by numerical experiments, where
the IMEX scheme is combined with an isoparametric finite element discretization
in space.

Keywords: implicit-explicit time integration, IMEX, kinetic boundary condition,
nonlocal material laws, auxiliary differential equation, semilinear wave equation



1 Introduction

In this paper, we consider the viscoacoustic wave equation with a convolution term of
the form

Opu(t) — A Au(t) + /_ b(t — 0)Au(8)dl = f(t,u), w(0) = ug, u(0) = vy,

(1.1a)
in a domain Q C R? with smooth boundary T' and we set u(f) = ug for § < 0.
The viscoacoustic wave equation can be seen as a simplified model of the viscoelastic
wave equation. The convolutionary memory term is determined by physical properties
and describes the viscosity of the material. It makes the equation nonlocal in time,
which is numerically challenging. Here, we study convolution kernels given by a linear
combination of exponentials,

m

b(t) = Zﬁjei/\jtv Bja /\j > 0. (11b)

j=1

This model that can be found in geophysical literature, e.g., [1, Chap. 2] and more spe-
cific in seismology [2]. The model problem using exponential kernels describes the case
that most recent history has more influence on the materials reaction and diminishes
in the past further away, cf. [1, Sec. 2.1.1]. We say, the material has a fading memory.
In mechanical modeling this is used for the standard linear solid, where A~! is the
relaxation time, cf. [3, p. 32]. We assume that the material properties do not change
over time, cf. [1]. The kernels (1.1b) are of a special form, which enables us to derive
additional auxiliary differential equations, which are coupled to the wave equation.
For more general kernels, one can consider convolution quadrature, see e.g., [4—10].

To complement equation (1.1), we impose appropriate boundary conditions. In
particular, we consider both Dirichlet and kinetic boundary conditions in a general
framework. The latter are a special kind of dynamic boundary conditions, which take
the form of another differential equation posed on the boundary. In two dimensions,
kinetic boundary conditions admit the physical interpretation of a vibrating membrane
with boundary mass density exposed to linear tension, see [11, Sec. 5&6], [12, p.56];
An example is the membrane of a bass drum which has a hole in the interior that has a
thick border, cf. [7, Sec. 3.2]. In [11, 13], dynamic boundary conditions are considered
for modeling heat conduction, where heat is created on the boundary.

For the time integration of (1.1) we employ a new implicit-explicit scheme in order
to solve the stiff linear part implicitly and we avoid solving a nonlinear system in each
step by treating the inhomogeneity explicitly. Due to the smooth boundary we combine
this with a nonconforming space discretization with isoparametric finite elements.

In [14, 15] there are analytical results of wave equations with dynamic bound-
ary conditions. In [16], the authors show wellposedness of a parabolic equation with
dynamic boundary conditions. Other authors have investigated numerics for kinetic
boundary conditions. Examples are [17-19] for linear and semilinear equations without
nonlocal materials. A bulk-surface splitting method is proposed in [20].



The authors of [21] consider the viscoelastic wave equation and simulate its solution
using a symmetric interior penalty discontinuous Galerkin method. In [22], space-
time methods are used for the linear viscoacoustic equation. Several authors have
investigated the viscoelastic or viscoacoustic wave equation as an inverse problem.
Examples are [23], [24] with a finite difference method, and [25]. The goal of the last
paper is a full wave form inversion of the viscoacoustic wave equation in a div-grad first-
order formulation. The viscoelastic wave equation with standard boundary conditions
is considered in [9] for several models. The authors show plots of the displacement
function, using convolution quadrature and the finite element method. Furthermore,
space-time plots are shown. However, this paper did not focus on the error analysis.

The literature on wave equations with auxiliary differential equations mostly deals
with the analysis and stability including a different variable and possibly a delay
term, cf. [26]. In [27], promising experiments for the viscoelastic wave equation with
a nonlinear stress-strain relation are shown. For the numerical simulation, the ADE
system of equations is discretized in time using a second order semi-implicit scheme. It
is combined with a second-order time-stepping algorithm and a fourth-order staggered
grid finite difference spatial discretization. However, the authors did not provide an
error analysis.

There is a broad literature on implicit-explicit (IMEX) schemes, e.g., [28-31]. The
authors of [32] propose an IMEX scheme combined with multiscale methods. A Crank-
Nicolson-leapfrog IMEX scheme was constructed in [33, 34]. However, the schemes
therein are not equivalent to our IMEX scheme.

The author of [35, 36] considers a related problem to (1.1), where the solution
to a Maxwell system with exponential non-locality is approximated. However, in the
setting there, the nonlocality is a bounded perturbation, which is not applicable in
our situation.

The main contribution of this paper is the construction and the rigorous error
analysis of a new IMEX scheme for a wave equation that has a nonlocality in time
and is equipped with dynamic boundary conditions. In contrast to the setting in [37],
the block structure of the operator in the first-order formulation has at least three
components, which is why the calculations here are more involved than in [37]. In
particular, we first derive a framework using weighted Sobolev spaces suitable for
the wellposedness as well as for the error analysis. Moreover, defining the auxiliary
variables is not straight forward, since an appropriate shift has to be included, cf. [26].
Finally, we show a uniform second-order error bound for the time discretization.

In this paper, for the sake of presentation, we do not carry out the full
discretization, since it can be done along the lines of [37].

Outline of the paper

In Section 2, we state the problem, introduce auxiliary variables and the corresponding
system of differential equations and investigate the wellposedness. In Section 3, we
construct and analyze the numerical approximation by an implicit-explicit (IMEX)
scheme in time. We conclude with numerical examples in Section 4.



Notation

For the partial derivative with respect to time we use the notation dyu = v’ = u.
In this paper, we will consider (1.1a) with Dirichlet boundary conditions (D) or with
kinetic boundary conditions (K). This will require different spaces, as defined next.
We introduce the following bulk-surface Sobolev spaces,

H¥(Q,T) = {ve H*Q) |yp(v) e H*T)}, k=>1

)

of H*(Q)-functions with H*(T)-traces, where vp denotes the Dirichlet trace operator,
cf. [13]. We further equip H*(,T) with the scalar product, which induces the norm

2 2 2
[0l 0,0y = 0z @) + 7o W) ey -

We denote the spaces

_ L3(9), for (D) B HY(Q), for (D)
H = {LZ(Q) « IA(T), for (K) and V= {H?(Q,F), for (K) . (1L.2a)

In [17, Cor. 6.7] it is shown, that H'(Q,T) is dense in L?(Q) x L?(T") and C*(Q) is
dense in H(Q,T).

We will make use of weighted spaces. Let V be a Hilbert space as defined in (1.2a)
with scalar product (-, -), then we define the weighted Hilbert space V,, for some o > 0
as the space V' combined with the weighted scalar product, i.e.,

(Var (559))s where (z,y) — alz,y) for z,yeV. (1.2b)

Let T’ be C'-regular. For a function v € H(Q) and the outer unit normal vector
n, we define the surface gradient

Vv = (8j,r’l))?:1 = —nn")Vv (1.3)

and the Laplace-Beltrami operator

d
Apv =) 9 r. (1.4)
j=1

For the weak formulation of our PDEs we will make use of the well-known Gauss
theorem, which also holds for the above surface operators, see also [13, p. 111],

,/Q(Au)gpdgg:/QVquodx—/FOvvu)sﬁdL (1.5a)

—/(Apu)wdx:/vpuvpgpdx. (1.5b)
r r



2 Analytical framework

Throughout this paper, we consider (1.1a) with Dirichlet boundary conditions as well
as kinetic boundary conditions. In this section, we describe the framework for the
two types of boundary conditions and how both cases will be handled in the further
course of this paper. We will derive auxiliary differential equations for the treatment
of the convolution and investigate its wellposedness by means of evolution equations
in suitable spaces.

2.1 Problem statement

We assume I' to be the smooth boundary of the domain 2 C R? and impose kinetic
boundary conditions, i.e.,

t

Duu(t) — Au(t) + /_ bt — s)Au(s) ds = fo(b),
Onu(t) — 2 Aru(t) + c*n - Vu + /700 b(t — s)Aru(s)ds (2.1)

- / b(t — s)n - Vu(s)ds = fr(t)

— 00

u(0) = up, wu(0) = v,

where we again set u(s) = ug for s < 0. In order to abbreviate the notation, we further
define the extended Laplace operator

A in Q
Aqr = ’ ’ 2.2
ar {Ap -n-V, on T. (22)

Note that for u € H{(£2), the extended Laplace operator only acts on the inner domain.
Then, (1.1a) with Dirichlet or kinetic boundary conditions can be summarized as

t

Oru(t) — 2 Agru(t) + / b(t — s)Aqru(s)ds = f(t). (2.3)

— 00

2.2 Auxiliary differential equations

In this subsection we derive auxiliary differential equations for the treatment of the
convolution in (2.3) and investigate its wellposedness in the setting of an evolution
equation. Following [26], we perform a shift of the variable in the convolution term
and obtain

t .
/ Bje MDA ru(0) do = %Asz,ru(t) = BildarM;(t), j=1,...,m,
—00 J



with the auxiliary variables

We introduce the notation
M = (M)jLy, B =(B)jz, 1= 1)L, A=diagA,...,Am). (2.4)
Then, we obtain the following first-order in time coupled PDE system for (2.3)
Oru = v, u(0) = wo, (2.5a)
O = alAgru+ AQI‘/BTM + f, v(0) = v, a=c— i f\j, (2.5b)
j=1

1
~ Vs M;(0) =0, ji=1,...,m. (2.5¢)

Oth = —)\ij + by
J

In a compact form, (2.5) can be written as

'+ Az = F, (2.6a)
where
u 0 -1 0 0
x=[v |, A=|-alqr 0 -B@Aqr |, F=|f]. (2.6b)
M 0 —A11 A 0

Remark 1. In applications, we often know the Laplace transformation B rather than
the kernel b itself, see, e.g., [1, 2]. The Laplace transform of the differential equation
(1.1) with frequency variable s € C is given as

Bj
S-l—)\j7

(s> = (¢* = B(s))Aq,r)U(s) = F(s), B(s) = Z

where U(s), F(s) denote the Laplace transformations of u, f, respectively. Since —Agq
s a positive semidefinite operator, assuming

2 - Bj
=c" — —= >0 2.7
a=c ;Aj (2.7)

is sufficient to ensure that, for a given F(s), this equation has a unique solution U(s)
for all Res = o > 0. Hence we assume (2.7) in the remaining manuscript.



2.3 Wellposedness

Next we consider the wellposedness of the coupled PDE system (2.5) for Dirichlet (D)
and for kinetic (K) boundary conditions. We will show that, in both cases, A generates
a strongly continuous semigroup on the respective Hilbert space

X =Vox Hx XV, (2.8)

Jj=1

with V,, defined in (1.2) for @ > 0 and p; = §;A; > 0. In particular, A is monotone,
ie.,
(Az,2)x > —cp ||x||§( forall ze X, (2.9)

cf. [12, Assumption 2.3]. For Dirichlet boundary conditions, we have ¢, = 0, which
means that A4 generates a contractive semigroup, while for kinetic boundary conditions,
(2.9) holds for

a+17T
Soet1' B

1
Cm> 5, Cm 5 Ajcm>§fA§, j=1,...,m. (2.10)

Theorem 1. Let A and x be given as in (2.6b), describing the first-order formulation
of (2.3).
(D) The operator —A with domain

D(A) = {x € HA Q™2 | au+ 8TM e HQ(Q)} (2.11)

generates a contractive Co-semigroup on X defined in (2.8).

(K) For ¢y, chosen such that (2.10) holds, the shifted operator —(A+cy, 1) with domain
D(A+ cpl) = {:17 € HY(Q,T)™ 2 |au+ BT M € HQ(Q,F)}

generates a contractive Co-semigroup on X defined in (2.8).
In order to obtain local wellposedness of (2.6a) we make the following assumption
on the inhomogeneity.
Assumption 2. [37, Assumption 4.1] Let © € {Q,T'}.
(a) The inhomogeneities [ = fo, in (2.1) satisfy

fo € CH[0,T] x © x R;R)
and can be split into

f(t7§7u) = fl(tvg) +f2(€7u) or f(t@,u) = fl(t7§) +f2(t7u)'



(b) Furthermore, we assume the growth conditions, that there exist

; {<oo, d=2, <{<oo, d=23,
Q r _
<75 d>3, <4 d>4,
such that for all (t,&,u) € [0,T] x © x R it holds that
folt,&u)l < CUL+[ul®),  |VSe(t,&u) < CO+u[<T).

Remark 2. If Assumption 2 holds, then, (2.6a) is locally wellposed, i.e., for every
initial value o € X there exists t*(xo) > 0 such that for all T < t*(x¢), (2.6a) has a

unique solution
x € CH([0, 7], X) N C([0,T], D(A)).

The evolution equation (2.6a) fits into the framework of [12, 17, 38].
Proof of Theorem 1. For better readability, we only show the proof in the case m = 1,
i.e., the case of one exponential kernel. We demonstrate the calculations for the wave
equation with kinetic boundary conditions, the case of Dirichlet boundary condi-
tions works analogously. Employing the Gauss theorems (1.5), we see that the kinetic
boundary condition leads to solving (2.6b) on the space given in (2.8).

We will use the Lumer-Phillips theorem [39, Sec.1.3]. To this end, we show that

A+ ¢, 1 is densely defined, monotone, and has full range.
For the monotonicity we calculate by using partial integration (1.5) and Young

(Az + ez, ) x

= —afv,u)r2r) +Cmo‘”vu”2L2(Q,1") JrCm04HU||2L2(Q,F) JFCmHU”%%Q,F)
+ 6)‘2||VMH%2(Q,F) + 5/\2“M||2L2(Q,F) = B{v, M) r2ar)
+ CmH||VM||2L2(Q,r) + CmHHM||2L2(Q,r)

o B
= 5 (Wl + llz@ry) = 5 (Ileqr + 1M

+ Cm||”||2L2(Q,r) + C"LO‘HUHQL?(Q,F) + 5>\2||MH%2(Q,F) + CmHHMH%Z(Q,r)

1 a+f B
= allullfza.ry (em = ) + 01320 (em = S5 + 1M 2y (emn = 5 + 8X2)

> 0.

v

To show that A has full range, let v > ¢, ¥ = (f,9,h) € X. We claim that there
exists « = (u,v, M) € D(A) such that (y+ A)x =y

yu=1v+ f, (2.12a)

v =alAqru+ fAqrM+g, (2.12b)
1

YM = —-AM + Y + h. (2.12¢)



We aim to insert

1 1

1
u:;(v—i-f), 3

into (2.12b) and solve for v. To do so, we use the operator
Aqr: HY(Q,T) —» H1(Q,T)

for the moment. Then, we have to solve

Q@ B8 1
=—-A —A — h
Y 5 Q,F(U+f)+7+/\ Q,r(/\v+ )+g
which is equivalent to
1 B a B 1
- — — A = —A ——Aqrh+ —g. 2.13
v WQ(OZJr,y_i_)\) Q,rv 72 Q’Ferfy(fy—&—)\) Qr +79 ( )

The weak formulation is given as: find v € H(Q,T) such that

1
(v, 0)L2Q,r) + ?(Oé + %)(Vﬂ, Vo) 2o,

« 1
=- ?<Vf, Vo) 2@ — W<Vh7 Vo) 2@ + ;(97 ©)L2(Q,r);

for all ¢ € H'(,T). By the Lax-Milgram theorem we obtain a unique solution
v € HY(,T) of (2.13). Inserting this solution into (2.12a) and (2.12¢) gives us u, M €
H'(Q,T) such that

« I} 1
=—A L~ _Aqr(=v+h
alAqru+ fAqrM 5 Q,p(v+f)+%LA Q,I‘(/\’U—‘r )

In order to make sure, that = (u,v, M) € D(A), we test the above equation with
¢ € HY(Q,T) which yields

a 1
(V(au+ BM),Vo)r2@r) = ;<V(U + 1), Vo) 2oy + %<V(XU + 1), Vo))

= (9 — v, ¥)L2(Q,1)s
and using g € L?(Q,T) and v € H'(,T') shows = = (u,v, M) € D(A).

Note that the full range of v + A was shown for arbitrary v > c¢,,. The fact that
A is densely defined therefore follows by [40, Prop. 1.4.2]. O



3 Implicit-explicit time integration

In this section, we introduce the IMEX scheme for the time discretization of the
solution to (1.1a) and its properties.

3.1 Construction of the IMEX scheme

Following [37], we set up the IMEX scheme as a perturbation of the Crank-Nicolson
scheme. The latter one computes 2" ~ z(t,) for ¢, = nr, where 7 > 0 denotes the
step size via

g+ = gy §< —A(a" ") F o ), (3.1a)
where
0
=11, and = f(tn,u™). (3.1b)
0

Equivalently we can write this as
n+1l _ n T n n+1 o T
Rpa"*' = R_a" + 5(F +F*"Y, Ry=1+ FA (3.2)

With the parameters 8; and A; of the convolution kernel (1.1b), we define the following
scalars, which will be used in the discretization of the differential equation of M,

TA; Yj,—
vix=1t 2L, oy = L 3.3
J 9 J ’YJ,+ ( )
Furthermore, we introduce a modification of the matrix A as
A = diag(MV1 45+ AVt ) (3.4)
and the modified scalars
Gd=a+pTA 1= onrZ i > . (3.5)
=
We further introduce the notation
~ 1
6:§(ﬁ1(1+’71)7~-~76m(1+7m))7 (36)

and note that 3;(1+~,)/2 € [0,8;) for j =1,...,m.
Similarly to [37, Lem. 2.5] it can be shown that with j =1,...,m and f” defined
in (3.1b), the Crank-Nicolson scheme (3.1) is equivalent to

n+1 nt+i
)

U =u"+ TV

- 2
Ve =" 4 %OZAQ,FUn + gAQ,FﬂTMn + TzaAQ,Fanr% + %(,f’l + ),

10



M+ = M 47} s

]
- 2

o =0t gO‘AQ,Fun + %An,rﬂTM" + TZaAQ,FvH% + i(fn + £,

If the right hand side f is nonlinear, we will have to solve a nonlinear system in
each step of the Crank-Nicolson scheme, which is very expensive. To overcome this
difficulty, we use the IMEX scheme instead. The idea of the IMEX scheme is to treat
the stiff linear part implicitly and the non-stiff non-linear part explicitly, such that
the solution of one linear system of equations in each time step is sufficient.
Following [37, Section 2.2.], we derive the scheme via a combination of the Crank-

Nicolson and with the leapfrog scheme and, with j = 1,...,m, arrive at
_ 2
’UnJr% ="+ %aAg,pu" + %AQ,FﬂTMn + TZ&AQ7FU"+% + gfn', (3.73)
ut =y 4 "t (3.7b)
1T 1
M =2y M 4y, (3.7¢)

_ 2
o = s 4 %aAQ,ru” + %AQ,FﬁTM” + %aAQ,Fan’_% + gf”“- (3.7d)

An equivalent way to compute v" 1 is obtained by subtracting (3.7a) and (3.7d) as
V" = " 22 %(f’”rl — M), (3.7¢)
see also [37, Remark 2.6]. In the scheme (3.7), the nonlinearity f is treated explicitly.

3.2 Wellposedness and reformulation of the IMEX scheme
To prove wellposedness of the IMEX scheme, we define the operators

7.2

Q=1+ (— Z&AQI), (3.8)

with weak formulation: for given z € V find y € H such that
(z,wyg £(Vz,Vw)g = (y,w)y foral wevV,
we define y = QQ+z. With this notation, we can characterize the half step "2 via
n-‘rl n T n T n T "n
Qiv"T2 =v +§Ag,r(au +6'M )+E‘f .
For our error analysis we will use bounds on the operators Q4+ using the spaces

defined in (1.2a). Up to the weighting constants the following lemma was given in [37,
Lemma 2.7].

11



Lemma 3. Let Q4 be defined as in (3.8) with & as in (3.5). Then Q4 : D(Aqr) — H
1s invertible and we have

7'2 ~ 1
ZaAQ,FQI <1

’ ) (39&)
H<+—H

where |||,y denotes the operator norm. Furthermore, for T > 0 in case (D) and
2

0 <7 <4/% in case (K), we have the bounds

_ 1 /2
QT < T\/; (3.9b)
||Q_Q-T-1HH<—H = 7. (3.9¢)

Employing the invertibility of Q)4 we obtain wellposedness of the IMEX scheme as
in [12, Cor. 4.7] and [37, Cor. 2.8].

Lemma 4. The IMEX scheme is wellposed. We define B = (B]);”Zl with Ej €
[—Bj, Bj]. Then for initial values u®,v° € V and M° = 0,,, we have for j =1,...,m
that

ut, M eV, v""EeD(Aqr), v"TleH, Aqr(au"+BTM") e H.

Proof. As in [37, Cor. 2.8], the claim is proven by induction over n € Ny. Due to
M](J = 0, the statement is true for n = 0. Then, e~xploiting the fact that 3; € [0, 5;)
for each j = 1,...,m, such that aAq ru™ + Aq BT M™ € H, the claim follows. O

We derive an equivalent first—order formulation for the IMEX scheme, cf. [12,

Lemma 4.8] and [37, Lemma 2.10], where we make use of the notation introduced in
(3.4) and (3.6).

Lemma 5. Let 7c,, < 2 and if we have kinetic boundary conditions let T < \/g Then,

the matriz Ry from (3.2) is invertible and, with S+ = Q;'Aqr and R = R;'R_ we
have

1+ Zas, Q7! TS,
R= ras, Q-Q7 rafT © S,

oA ®@S,1 AT QT A+ T (A1) T ®1) @S,

12



and
I+ as, Q! ZHTAN T @ S,
R7' = TasS, Q7 IBTAA ' ® S,
Zoh ' ®S5;1 IAT'@QTL AT+ TAT1BTAN @ S,
Furthermore, the matriz R_T_l : X = D(A) satisfies ||R_T_1H <1 and R has a continuous

extension on X and ||R| < eT°m.
The IMEX scheme is equivalent to the first-order formulation

2™ = Re™ + TRy + T—QR—l n (3.10a)
= 9 1t Y 1 z, .10a
where
0 1
y = 1 |+, = 0 | e (-t (3.10b)
0,, A1

Proof. The proof of the invertibility and the bounds follow along the lines of [37,
Lemma 2.10] and [17, Lemma 2.14]. For the ease of presentation we only treat the
case m = 1. A direct calculation shows that R and Rll are given as above. Let
r = (u,v, M)T € X and we will first use Agq r mapping from V' to its dual, this means
that S; : V — V. Then we have that the components of

-1
w:=R_"x

are given by
2 2

wy = (I+ a%SJr)u + %Q;lv + T2

M
4 ’Y+S+ )

Wy = azS+u + Q;lv + O<Z£S’+J\47
2 294

w —QLS u—i—LQ_lv—i—i(Q_l—aﬁS )M
T T 2ay ST 47

and lie in V. We further obtain

aT
ar  pr
2 2)\’}/+

Agq,r(aw; + fws) = alqrQ; v+ ( )AqrQi v+ %AQ,FQI}M € H,
+

by Lemma 3, i.e., we verified that R;' : X — D(A).
The proof of the equivalence is done analogously to [12, Lemma 4.8]. O

13



3.3 Error analysis of the IMEX scheme

We now turn to the error estimation of the IMEX scheme. The main idea is, that the
defect of the IMEX scheme can be written as the defect of the Crank-Nicolson scheme
with an additional term. By Assumption 2, the inhomogeneity f is locally Lipschitz
continuous, i.e., for |jull,, ,[[v||;, < p it holds

1£Coa) = G0l S Lpllu—vlly,  Ly=CL+p2 " +p57h), (3.11)

where C' is a constant which is independent of p.

The following result can be found for the wave equation without retarded material
laws in [37], for the more detailed version we reference to [41].
Theorem 6 (Error bound IMEX scheme). Assume that the solution x = (u,v, M)
of (2.6) satisfies u € C*([0,T],H) N C3([0,T],V) and x € C*([0,T],D(A)) and that
7 > 0 is sufficiently small. Then, the approximation z™ =~ x(t,), t, = nT given in
(3.10) satisfies the error bound

2" — ()l x < Cetnr?,

_ L,(1+v2)
where K = ¢, + ﬁ—2p7(1+ﬂ)

defined in (3.11).

and the constant C' only depends on w and T, and L,

Proof. For the ease of presentation we only present the case m = 1. During this proof
we again use a ~ for an exact evaluation, e.g., we write " = x(¢,).
(1) Error recursion. Denote the first-order error by
e" =a" —z".
We insert the exact solution into the IMEX scheme (3.10) and obtain as in [12, (4.29)]
that

2
F = RE" 4+ SR+ RUE - S (3.12)
with
Oiimx = RMOGE +0m, on = o | Falar | @ QYN - /) (3.13)
v

and 6.;! is the defect from the Crank-Nicolson scheme (3.1). As in [12, Thm. 4.3], it
can be seen that Hégi{#“ < C73. Substracting (3.12) from (3.10) we obtain the error
recursion

2
e = Re 4 TRy — ) + TR - 2 + i

cf. [12, (4.31)]. With
Afn — fn _ fn _ fn+1 4 fn+1 (314)
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we have

0 1
Z/"—Zjnz(l) Af" and z"—Z”:<O) AV S
0 X

(2) Stability. For €® = 0 it holds that
n_ - Rt ZR—l -1 ~0—1 TjR—l -1 -1 5
S*Z 2+(y Yy )+4+(Z Z77) + 0vex | -
=1

Analogously to [12, (4.32)], taking the norm and using the triangle inequality, we
obtain the estimate

n 1 o 3 B o
”enHX < Tze(n—e)rcm <2 Hyz—l . ye 1HX + Z HR+1(Z€ 15t 1)HX>
=1

n
+ Z R St
=1

, (3.15)
X

Recalling the spaces from (1.2), we estimate similarly to [12, (4.33)]
ly" =l = A5 = Lo(lu” =@y + Ju"" =7 )

L,
< 2=l + el )-

Ja

Therefore, we obtain

n— = - n—~{)Tc L
*Z e |yt -y 1||X§;e( oo a1 )
Szn: L (n O)TCm ZHx'
/=0

‘\/>
From

1
R+1Zn _ (QQTAIQI) ® Q:Ll(fn _ fn+1),

AVt

and the notation (3.14) we obtain

Flx

= (vllz0irarf, +[Fasarairar

—QiAf

1
2 2
V)

2
wo|ox
H

2 Ay
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and from (3.9a) and (3.9b) we conclude

coinf < & o
O‘H2Q+ = 55 vl
LS e T
201 T Ty T 200 )2
This yields
n (n—€)TCcm,
TE _ _ )
> IR =Y
=1

< B e, )
— p m Va Va

< Z 4 e(n—@)‘rcm ‘GZH )
= X
= Ve
Inserting these bounds yields
n TL g n—~0)T = n—
e[ x ST;(1+\/§)ZQ( brem ‘eeHH"’ ZR “Stviex
=0 =1 X

(3) Bound of defects from (3.13). Since we already know that the Crank-Nicolson
defect is bounded by C73, it remains to bound §‘*1. We follow [12, p. 41] and split it

into two parts _ ~ _
6€+1 — (5{+1 + 6§+1

with
N - TQJ_FI o N - 0
o= Q-0 e (-, T =1 | (=T |
ﬁQJr 0

and then combine terms from two different steps to gain an extra order of 7. We
observe that

fol

N _ 2@+ - ~

e mi = (1005 o (T s
2Av4+ ¥+

For the difference quotients we have the bounds

H%HH ’fz _ f~=£+1HH <Cr, - H}Teq _oft 4 fz+1HH <o (3.7)

fT‘
x 4 =
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To be more precise, we denote by Z¢ = [t,_1,t¢,1] and as in [12, (4.36)] we obtain,
due to the regularity assumptions on u, that

- H]?e—l _ 2]7@ i ftz-s-lHH < Cr? H@f(u” ~ Aq.r(au— ﬁTM))

or ()

e e,

peze gy 192 (057 0) ||LOO(I£7H2)) .

where H? = H?(Q) for (D) and H? = H?(Q,T) in the case (K). Using the same
arguments, we find that defects 67, 6% are of order 72. Therefore, we estimate

o |7 =7 < ol - Aar(au— 57 an)

<o (]

||Leo(zé,H)

+ H@t (au + 5TM)

Lo (T¢,H) ||L°°(I[,H2)> :

Then, using (3.13) we split

Z R “66x

(=1

> RO+ 8)

(=1

< +

n
E n—~ ¢l

R §IMEX
(=1

X X X

and with an index shift and the previous calculations, we see

> R+ R RSS
=1

> RO+ 0)

£=1

X X

R"'0L 467 + Y R"(6Y + Ros)

=2
< emren (HEH +
X

< Celomz2,

X

5 RS"H
S i,

n
03

In the last estimate we used t, < T, (3.16), (3.17), and that ||[7Q7 < C and
1Q-Q7| iy < C by Lemma 3.

With the stability bound (3.15), we see

1HV<—H

n n
R R 2D LRl [ PR ) DF I e
\/a £=0 =1 X
< %’(1 VRS et e + O

£=0
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Finally, the desired error bound follows from applying Gronwall’s Lemma provided
that 2™ is uniformly bounded in X. The latter follows along the lines of [41, Thm. 4.9].
O

Remark 3. The full discretization can be done analogously to [37] with isoparametric
finite elements, see also [}2]. Using the time discretization error analysis from the
previous section, the full error estimate is a combination thereof with the one shown in
[37]. When it comes to lift and reference operators for the error of space discretization,
the additional variables M; are treated in the same manner as u.

4 Numerical experiments

In this section we show numerical examples to support our theoretical results. We
consider the wave equation (1.1) with kinetic boundary conditions on the unit disc
B(0,1) C R2. In order to measure exact numerical errors, we extend an example
from [37] by including a convolution with m = 4 and the parameters o = 1,51 =
1,8, = 15,83 =2,84 = 1.25 and Ay = 0.2, Ay = 1, A3 = 1.5, A4 = 2. We choose the
nonlinearities

fQ(t7€’u) = |U|U+Tlﬂ(t7f)a
fr(t,f,u) = |u|2u+77r(t7§),

where
ot €) = — (47 + [sin(27t) 1 &) sin(2mt) €162,
nr(t, &) = (6c* — 472)&1 &y sin(27t) — (sin(2ﬂ't)§1£2)3

3 Bi —Ajt A
127 Z::l P (e cos(2nt) + 7 sin(2mt)).

The initial values are set to be
U(O,f) = 07 atu(07§) = 271—51527
and the exact solution to this example is given by

u(t, &) = sin(27t)&1&s.

The codes to reproduce our results are available at
https://github.com/MalikScheifinger/WaveKineticBC.git

The space discretization software is based on the FEM library deal.II [43] version

9.5.0, using quadrilateral mesh elements and isoparametric finite elements with poly-

nomial degree p = 2 and maximal mesh width hp.x &~ 0.014. Our implementation

follows [12, Chapter 6.2]. We shortly specify the notation we use and state our in space

discretized IMEX scheme. We denote by M € RY*¥ the mass matrix, by & € RVXV
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the stiffness matrix and the load vector by f™ after choosing the standard nodal basis.
Then the scheme reads

Mot = Mo — %S(au” + 8T M™) — TZZ&SU”+% + gfn7 (4.1a)
utl =" 4 Tt (4.1b)
M bty o) T, 019
Mo = —Mo" + 2Mu" S (). (4.1d)

The linear system (4.1a) is equivalent to
1 T T T 72 ~
Q. vtz sz"—§S(au"+ﬁ M")+§f”, Q+=M+Za8.

We solve this linear system with the conjugate gradient method and SSOR. precondi-
tioning.

In Figure 1 we show the numerical approximation of (1.1) using the data given in
Section 4 at four different time stamps.

0 05 o 05
x / x /

a7t !

Fig. 1: Snapshots of the solution at times ¢t = 0,0.2,0.4,0.6 (from top left to bottom
right) using the IMEX method with time stepsize 7 = 0.1.
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In Figure 2 we illustrate the error of our method against the time stepsize 7. The

error is measured at the endtime 7' = 0.8 in the V,, x H norm. We observe second-order
convergence in time.

107t

10—2

V., x H error

1073

10~4

T T T T T
1073 1072
time stepsize 7

Fig. 2: Error evaluated at the endtime 7" = 0.8 in the V,, x H norm plotted against
time stepsize 7.
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