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Abstract. For the first time, a class of implicit Runge—Kutta time discretisation methods is studied
for nonlinear damped wave equations arising in nonlinear acoustics. The analysis in particular applies
to the Westervelt, Jordan-Moore—Gibson—Thompson, and Blackstock—Crighton—Brunnhuber—Jordan—
Kuznetsov equations. Under appropriate regularity, consistency, and smallness requirements on the
time-continuous solutions, global error bounds are obtained from energy estimates for the time-discrete
solutions. Existence and uniqueness of time-discrete solutions as well as their convergence are proven
under weaker conditions on the initial data, based on energy estimates that are established in a continuous
setting and then transferred to the time discretisations.

Keywords. High-intensity ultrasonics; Implicit Runge—Kutta methods; Nonlinear damped wave equa-
tions; Nonlinear acoustics; Time discretisation.

1. INTRODUCTION

In this contribution, we introduce stiffly accurate Runge—Kutta methods for the time inte-
gration of nonlinear damped wave equations representing classical and advanced models of
nonlinear acoustics. This class of implicit one-step methods includes as simplest instance the
backward Euler method, and it is seen to be particularly suited for a study based on variational
formulations and energy estimates.

Proceeding former work on stiffly accurate Runge—Kutta methods for nonlinear evolutionary
problems, see [1] and [2], we establish existence, boundedness, and convergence of the time-
discrete solutions as well as global error bounds under regularity assumptions on the solutions,
that identify the stage order as decisive quantity.

The present manuscript is organised as follows. In Section 2, we specify the considered
fundamental models, the Westervelt equation, the Jordan-Moore—Gibson—-Thompson equation,
and the Blackstock—Crighton—-Brunnhuber—Jordan—Kuznetsov equation. In Section 3, we state
the general format of stiffly accurate Runge—Kutta methods and a basic condition on the coeffi-
cients that is essential in view of our variational approach. Section 4 is devoted to the derivation
of global error bounds by means of suitable Taylor series expansions and higher-order energy
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estimates. Sections 5 and 6 provide energy estimates for the time-continuous and time-discrete
systems in a more general framework. The latter also enables to establish existence and unique-
ness of time-discrete solutions as well as their convergence as the time stepsize tends to zero.
We note that our study includes variable time stepsizes under appropriate smallness require-
ments, which are employed in the derivation of energy estimates, see Section 4. Merely to
reduce the amount of technicalities, we assume the time grid to be uniform in Section 6.

2. FUNDAMENTAL MODELS

The field of nonlinear acoustics is concerned with the propagation of sound waves in ther-
moviscous fluids. This includes a wide range of applications, in particular in high-intensity
ultrasonics [3, 4, 5]. In this context, the underlying mathematical models are generally based
on nonlinear partial differential equations, and reliable as well as efficient numerical solvers
are essential tools in view of arising design and monitoring tasks. As relevant application, we
mention the shape design of an acoustic lens for focusing high-intensity ultrasound in medical
treatment such as lithotripsy.

In the following, we state the fundamental models investigated in this work and introduce
compact reformulations as first-order evolutionary systems. We begin with the Westervelt
(W) equation, a well-known and oftentimes examined strongly damped wave equation that
takes into account nonlinear effects but neglects thermal losses. A generalisation that addi-
tionally comprises a quadratic velocity term to reflect a local nonlinearity is the Kuznetsov
equation. There exist numerous extensions of these two classical models avoiding the infinite
signal speed paradox or incorporating thermal effects, respectively. We focus on the Jordan-
Moore-Gibson-Thompson (JMGT) equation and the Blackstock—Crighton-Brunnhuber-Jordan-
Kuznetsov (BCBJK) equation. Detailed information on the underlying physics is found in the
by now classical references [6, 7, 8, 9, 10, 11, 12, 13, 14, 15]. For a review of recent results on
the analyis of nonlinear damped wave equations and further references to significant contribu-
tions, we refer to [16].

In essence, the employed setting and notation accord to our former work [17]. Throughout,
we consider a bounded spatial domain Q C R? with sufficiently regular boundary and a finite
time interval [0, T]. Regarding convenient reformulations as evolution equations, we set

o =—A,

where A denotes the Laplacian with respect to the spatial variables. For simplicity, we re-
strict ourselves to homogeneous Dirichlet boundary conditions. We use standard notation for
Lebesgue and Sobolev spaces.
Westervelt equation. The Westervelt equation [15] can be cast into the form
dup(x,t) —bA;p(x,t) — CAp(x,t) .10
2 .la
=5 0u(px,)",  (v1) €Qx(0,7),

with p : Q x [0,T] — R the acoustic pressure, b > 0 the diffusivity of sound, ¢ > 0 the speed
of sound, 3, > 0 the parameter of nonlinearity, and p > 0 the mean mass density. Performing
differentiation on the right hand side, it is seen that degeneracy is exhibited when the multiplier

of the second time derivative vanishes or becomes negative

(1= 25 pl)) up(x,1) —bAAP(x,1) = A p(x,1) = 25 (9yp(x.1))”.
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Under certain regularity, consistency, and smallness requirements on the initial data, using a
suitable linearisation of the equation that defines an analytic semigroup and maximal parabolic
regularity in appropriate function spaces, results on well-posedness and asymptotic behavior
are deduced in [18, 19]. In this situation, it is justified to investigate the following reformulation
as abstract evolution equation

u"(t) +b(u(t),u' (1) o t+01(() (1)) ut)
= B(ut), (1)) [u(t),d' ()], t€(0,T),
3 ~1
av)=1-5v, a@)=(a@) ",
b(vo,vi) =ba(vo), c1(vo,vi)=c2a(vo), Bvo,vi)uo,u]= pB‘z‘ o(vo) viug .
With regard to the introduction and global error analysis of the implicit Euler method and, more

generally, stiffly accurate Runge—Kutta methods, it is helpful to rewrite the Westervelt equation
as first-order evolutionary system

u'(t) +A(u(r))u(r) =B(u())[u@r)], t€(0,T),

. , 0 2.1c)
A00) = (o, uyer o)) OO = (o))

where u = (ug,u1)” represents the solution « and its time derivative u’.

Jordan—-Moore-Gibson-Thompson equation. Replacing in the derivation of the Wester-
velt equation the Fourier law for the heat flux by a Maxwell-Cattaneo law avoids the infinite
signal speed paradox [20] and leads to the Jordan—-Moore—Gibson—Thompson equation

{Tm, utp(x,1) + Ay p(x,t) —bAd,p(x,t) — > Ap(x,t)
L Ou(p(x1)®, (x,1) €Qx(0,T),

with 7,,, > 0 denoting the relaxation time. Compared to (2.1), the appearance of the third-order
time derivative considerably changes the character of the equation. It prevents analyticity of the
semigroup defined by the linearised equation. For parameter ranges b < T, ¢> even continuity of
the semigroup is lost, and the problem is ill-posed. As significant contributions in this context,
we mention [21, 22, 23, 24, 25, 26, 27]. We study the reformulation

{ u”(£) +b(u(),u'(),u" (1)) " () + o1 (u(), ' (6),u” (1)) o u (¢)

(2.1b)

(2.2a)

= *%( (t),u (t)au”(t)) [u(t)vul(t%”//(l)} , t€(0,7),

y (2.2b)
a(v)=1-— ’2)[32 v, b(vy,vi,n) = Ll o(vo), ci1(vo,vi,v2) = %,
2 2B,
PB(vo,vi,v2)[uo,ur,uz] = — 7— A up+ pczﬁrm ViU .

The associated first-order evolutionary system is given by

u'(t)+A(a())u(r) =B(u)) [u@)], t€(0,7),

0 —1 0 0 (2.2¢)
A(u()= [0 0 -1 |, B(u@®)u(@)]= 0 :
0 ci(u(r))« b(ur)) B(u(t)) [u(r)]

with u = (ug,u1,ur) comprising the solution as well as the first and second time derivatives.
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Blackstock-Crighton-Brunnhuber-Jordan-Kuznetsov equation. The Blackstock-Crighton-
Brunnhuber-Jordan-Kuznetsov equation [6, 28, 29] is an extension of the Westervelt and Kuznetsov
equations that takes into account thermal effects. Accordingly to [17], we consider the formu-
lation

{am‘I/(xJ) —BiAGy(x,t)+ B A28tl//(x,t) — B3 Adiy(x,t)+ By AZ‘I/(xJ) (2.32)

— 9, (%ﬁs (Aw(x,1))* + B }vw(x,t)\z) . (o) eQx(0,T),

with acoustic velocity potential y : Q x [0, 7] — R and certain constants 3; >0 fori € {1,...,6}.
In[17, 30], well-posedness is studied and a rigorous justification of the Westervelt and Kuznetsov
equations as limiting models is given. We employ the reformulation

u”( +b(u(t),u (t)) Au"(t)
+cp (u(t), (1 ) (1)) ' (1) +co (u(t),u' (t),u" (1)) o/ *u (1)
= B(ut),u (t),u" (1)) [u(t), ' (t),u" ()], ¢

a(v)=1+PBsv, a)=(ab) , (2.3b)
b(VO,Vl,Vz) = ﬁl &(Vl), Cl(VO,Vl,Vz) = ﬁ3 &(vl), 2(V0,V1,V2) = ﬁz &(Vl),

@(Vo,vl,vﬁ[uo,ul,uz] = — &(\q) ([3442/2u0—|-ﬁ5 Vo Uy + 2[36 Vv -Vuy

—|—2ﬁ6 Vv - Vu2> .

The corresponding first-order evolutionary system reads as

0
A(u(r) = [0 0 -1,
0 ci(ut)) o +ca(u(t))«* b(u(r)) o (2.3¢)
0
R P A
u(rz)) (s

where u = (ug,u;,uy) again represents the solution as well as the first and second time deriva-
tives.
Compact formulation. Setting

W) m=1: k=1, r=1: 6;=1,
(OMGT) m=2: kh=0, r=1: £, =1,
(BCBJK) m=2: kp=1, r=2: £;=1,0,=2

we can cast the Westervelt equation (2.1), the Jordan—-Moore—Gibson—Thompson equation (2.2),
and the Blackstock—Crighton—Brunnhuber—Jordan—Kuznetsov equation (2.3) into the form of a



TIME DISCRETISATION METHODS FOR FUNDAMENTAL MODELS IN NONLINEAR ACOUSTICS 365
higher-order evolution equation
w" D (0) + b (we) ' (), ... ,ut™ (2)) o Fn ulm (1)
+ Z ci(u(r),u' (t),...,u™ (1)) o1 u™ V(1) (2.4a)
= %(u(t)l,;’(t),...,u(’”)(t)) [u(t),u'(1),...,ut™(1)], t€(0,T),

with non-negative integers k,, > 0 and 0 < ¢} < ¢, < --- < {,. Accordingly, the associated
first-order evolutionary system is given by

() =F(u(r)) =—A(u@))u(r)+B(u()) [u)], r€(0,T),

I/l()(l) 0
)= | " Ba) jue)] = : |
Un (1) %’(u(t)) [u(t)]
0 -1 0 .. 0 (2.4b)
0 —1 0 .
A(u(r)) = 0 |
" ici(“@)ﬂﬂ" b(u(r)) &

1

where the components of u represent the solution u and its time derivatives up to order m.

Hilbert space setting. In view of the subsequent sections, it is convenient to denote by
(A,(-|),|-|) the underlying Lebesgue space L?(2). As common, the inner product of elements
in 77! is defined componentwise

(h|k) =Y (hilki), h=(ho,hi,....hm), k= (ko,k1,....km) € A"
i=0

We make use of the fact that the negative Laplacian subject to homogeneous Dirichlet boundary

conditions is selfadjoint and satisfies a Poincaré—Friedrichs type inequality
o =—A:P(d)=H*(Q)NH}(Q) Cc H# — I,
12 (2.5)
V| < Cpp (W /2| + |m|) . veE D).

The unbounded operator
B D(B) C A — L(D(B), ), Dr(B)C A",

in particular comprises the arising nonlinear terms.

3. STIFFLY ACCURATE RUNGE-KUTTA METHODS

For the time discretisation of the evolution equation (2.4), we study stiffly accurate Runge—
Kutta methods, see [1, 2] and references given therein. We choose time grid points

O=to<tny < - <ty=T, Tu=ty1—tn, ne{0,1,....N—1},
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where the integer number N > 0 is fixed. Approximations to the values of the exact solution are
henceforth denoted by

U Mo(fn) u()(l‘n)
ugn) ui(ty) (1)

u(n): . ~ u(l’n): . = . 5 I’le{o,l,...,N}. (3.1)
) )]\ ()

Implicit Euler method. A well-known instance of a stiffly accurate Runge—Kutta method is
the implicit Euler method. For a prescribed initial approximation u(9, the time-discrete solution
to (2.4) is defined by the recurrence

l(u("“) —u(”)) = F(u("“)) , nef{0,1,....N—1}. (3.2a)

Tn

In the derivation of energy estimates and global error bounds, we make use of the elementary
relation

(x1 —x0)x1 = 5 (x% —x(z)) +5 1 (x1 — xo)z, x0,x1 €R, (3.2b)

which carries over to elements of the underlying Hilbert space. In particular, it implies
(u(n+1) _u(n)|u(n+1)) _ % <‘u(n+l)|2 . |u(n)|2> —l—% }u(n—i-l) —u(”)‘z,

nef{0,1,....N—1}.

(3.2¢)

General format. More generally, we consider a consistent stiffly accurate Runge—Kutta
method of nonstiff order p with associated Butcher tableau

c| A
b (3.3a)

A= (a;)fj= ER”, b=e¢"AER’, ¢=(0,...,0,1)" €R’, c€0,1]"

The stages are determined by a nonlinear system and yield approximations to the exact solution
values at the nodes

s
Tin( (n) Zau Un :

(3.3b)
U ~ u(ty+et), i€{l,2,....s}, nef{01,... N—1}.
We recall that the stage order ¢ is characterised as the largest integer number such that
N
Z =t ie{l,...s}, kef{0,1,...,q—1}. (3.3¢)

Compared to general implicit Runge—Kutta methods, a pecularity of stiffly accurate Runge—
Kutta methods is that the weights coincide with the last row of the coefficient matrix and hence
the time-discrete solution values are given by the last stages

u(”"‘l) :U§n) ~ u(tn+1)7 nE{O,l,...,N—l}- (3.3d)
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Under the assumption that the matrix

BA+ATB —pb” —qAT 1177,

. : - (3.4a)
B =diag(b), €=BA ", 1=(1,....1)" eR’,
is well-defined and positive semidefinite, the inequality
X1 —Xo
(X1, %) € : 2%()6?—)%), X0,X1,...,x% €R, (3.4b)
xs —X()

is valid, see [1, Lemma 3.4]. This in particular ensures

ZS: ¢;j (UE-") —u®

ij=1

U@)) > %<|u(n+1)}2_ ‘I,(n)f) . nef{0,1,....,N—1}.  (3.4c)

1

Third-order two-stage scheme. As an instance of a higher-order stiffly accurate Runge—
Kutta method fulfilling (3.4), we refer to the Radau ITA method

5 1 3 1
=71, a2=——1x, M@=z, 022=7,

3 1 1
by=my=3, ba=an=3, a=3, =1,
S

[\
[\

hold true.

Implicit versus explicit methods. It is remarkable that the special structure of stiffly ac-
curate Runge—Kutta methods permits to prove the inequality (3.4b), which is fundamental for
our approach based on the derivation of a priori energy estimates. In view of the introductory
remarks and references given in [1], it seems to be possible to extend our analysis to other
schemes such as the two-step backward differentiation formula (BDF). However, to our knowl-
edge, the concurrent treatment of a class of methods as presented in this work remains an open
question.

We point out that the application of explicit time integration methods to evolution equations
involving unbounded operators is not well-defined. For instance, in the context of the the ex-
plicit Euler method

%n(u(”ﬂ) —u(")) = F(u(”)) , ne{0,1,.... N—1},
the analogue of the elementary relation (3.2) reads as

10,2 2\ 1 2
(x1 —x0)x1 = 5 (xl —xo) —5(x1—x0)7, x0,x1 €R.
Due to the inverse sign, the attempt to deduce suitable energy estimates fails. This problem
is present in the linear as well as in the nonlinear case. Similar conclusions hold for explicit
schemes of Runge—Kutta or linear multistep type.
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Even though a theoretical study of explicit time integration methods within a fully discrete
setting is possible, the usefulness of explicit schemes for nonlinear damped wave equations is
limited due to stability conditions, which imply severe restrictions on the time stepsizes in de-
pendence of the spatial mesh widths. In particular in the case of three space dimensions, where
these limitations significantly confine the practicability of explicit time integration methods, it
is expected that stiffly accurate Runge—Kutta methods are beneficial.

Preliminary numerical experiments for explicit schemes applied to linear as well as nonlinear
damped wave equations are reported in a talk available at

http://techmath.uibk.ac.at/mecht/MyHomepage/Research/InnsbruckSeptember2020Thalhammer . pdf

(see page 29). For a Gaussian-like initial condition, the classical order of convergence is ob-
served, provided that the chosen time stepsizes are sufficiently small such that stability is en-
sured. Detailed investigations of full discretisations and numerical comparisons of implicit
versus explicit time integration methods will be part of future work.

When the damping parameter tends to zero, the characteristics of the models change consid-
erably. As shown in [31], blow-up in finite time may arise. In this case, a different approach is
needed, see [32], and its adaptation to explicit or implicit time discretisation methods, respec-
tively, remains open.

4. GLOBAL ERROR BOUNDS

In this section, we deduce global error bounds for stiffly accurate Runge—Kutta methods
applied to nonlinear damped wave equations. For this purpose, we presume that the time-
continuous and time-discrete solutions fulfill suitable regularity, consistency, and smallness re-
quirements. These assumptions may be restrictive in view of practical applications. However,
in situations, where the initial condition is localised and smooth (e.g., given by a Gaussian-like
profile), one may expect high-order convergence in time. Indeed, spatial regularity of higher-
order time derivatives of solutions to nonlinear damped wave equations can be established sim-
ilarly to the standard procedure in [33, Section 7.1.3] under sufficient spatial regularity and
compatibility conditions on the initial data.

Time-discrete and time-continuous solutions. Throughout, we assume that the considered
stiffly accurate Runge—Kutta method (3.3) satisfies (3.4a) such that in particular the fundamental
inequality (3.4b) holds. For a nonlinear damped wave equation cast into the form (2.4), the
stages and hence the values of time-discrete solution are determined by the nonlinear system

Tn

L —u) = X:IaijF(Ug.")), ie{1,2,....s}, ne{0,1,.. . N—1}. (@.1)
Jj=

The corresponding relations for the time-continuous solution read as
t=ty+cT,, wW()=F(u()), ie{l,2,....,s}, ne{0,1,....N—1}.

Errors and defects. The differences between the values of the time-discrete and time-
continuous solutions are denoted by

Egn):Ugn)_u(l‘n‘f‘CiTi’l)? i€{1727~-'7s}7 I’LE{O717~"7N_1}’ 4.2)
e —ul —u(s,), ne{0,1,..,N}. |
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Inserting the exact solution values into the numerical scheme defines the defects

7 (Wtn+ci %) Zuu u(tn ;%)) 17" (4.3)
ie{l,2,...,s}, ne{o,l,...,N—l}.

In accordance with (3.1) and (4.4), we set

Uiy Ej) ey’ o
(n) (n) (n) (n)

U= Ui.l , El(n) _ Ei.l el = el. ’ l,l(n) _ " i.l ’
U i(;;? E i(Zl) N '(7’11 : r z( ZB

ie{l,2,...,s}, ne{0,1,....N—1}.

Taylor series expansions. Under appropriate regularity assumptions, Taylor series expan-
sions with remainders in integral form yield the representation

k+L K+1 K+1 K+L+1
u® (th+¢iTy) = Zk,c ‘L'u tn)+cl. T, RKH(u( ),tn,cirn),

1
RK+1 (u(K+L+])7tnaci Tn) = %/ (1 - G)KU(K+L+])(tn+ O (; Tn) dG»
“JO
ie{l,2,...,s}, ne{0,1,....N—1}, K,LeNy.

Replacing in (4.3) the defining operator by the time-derivative of the solution and recalling the
stage order conditions (3.3c), this implies

S
Z a;ju "(tn+ CjTp) — L (u(tn +¢iTy) —u(t,,))
1 +k s k1 _k+1 k+1
= H%(Zalj J T k+1 cz+)u(+)(tn>
S
+ 1! ( Z a;jj C?Rq (u(qH),tn, ¢jTn) — C?H R,11 (u(qH),tn, ¢ Tn))

N
=14 ( Y ai c?Rq(u(q“),tn, ¢j Tn)

_cq+1Rq+1(u(q+1)7tmcl.fn)>, ie{l,2,....,s}, ne{0,1,....N—1}.

Hence, boundedness of the defects is linked to boundedness of certain time derivatives of the

solution in the underlying Hilbert space

(0,T3m+1) | Ej)’ Ct ’uO‘W‘H’H(OT ey JE {0,1,....mj,
ie{l,2,...,s}, ne{0,1,....N—1}.

(n)
|ri ‘ < CTg ’u‘W£+l (44)
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The generic constant C > 0 depends on the coefficients of the considered stiffly accurate Runge—
Kutta method.
Error relation. Our starting point for the derivation of a global error bound is the relation

L(E! —e) = Zl aiy (F(UY) = F(ultn + ;%)) )+,
p

ie{l,2,...,s}, ne{0,1,....N—1},

4.5)

which results from (4.1) and (4.3). In view of (3.4), it is essential to employ the reformulation

j I

€3 ()" —el”) = 5,01 (F(US) —Fulty +r5) ) + 5 1 €
J= J=

ie{l,2,....s}, ne{0,1,....N—1}.

In addition, we make use of the integral representation

|
F(U") = F(utn + ) :/ F(oU" +(1-0)u(t, + 7)) do E{",
0
ie{l,2,...,s}, ne{0,1,....N—1}.

Altogether, this yields the error relation

s 1 N
& (E" ) = 7,1, (/0 F(oU" +(1-0)ult+¢5)) do B +5 ) €yrl,
J=1 -

j
J
ie{l,2,...,s}, ne{0,1,....N—1}.

Specifically, for the implicit Euler method with p = g = s = €|} = by = ¢; = 1, this relation
reduces to

1
(e(n+1) _e(n)> — 1, (/0 F’(Gu(”“) +(1— G)u(th) do e(n+1)) + 1, rﬁ"),

ie{l,2,...,s}, ne{0,1,....N—1}.

4.1. Westervelt equation. We first focus on the derivation of a global error bound for stiffly ac-
curate Runge—Kutta methods applied to the simplest model, the Westervelt equation. For (2.1),
the arising nonlinear operator and its Fréchet derivative are given by

v , 0 1
v=un) ¥0= () F0= (gl g
B(v) = (1—B3vo) ' (= B1 o vo— Bo? vi + B3vi),
F(v) = ful(v) = fa(v) o, Fu(v) = f1(v) = fo(v)
(V) =Bs(1=Bsvo) 2 (=Brdvo—Badvi+PBsvi), fra(v)=PBi(1—PBsvo) ",
Fr(v) =2B3(1=Bsvo) 'vi,  foa(v)=Ba(1—Bsvo) "',
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with o representing the negative Laplacian subject to homogeneous boundary conditions and
B1, B2, B3 > 0 denoting certain constants. An essential observation is that regularity and non-
degeneracy ensure bounds of the form

1
(n)
oU; 1—oc)u(t,+¢7,)) do
ee{llr,rll%l,zz} ie{rlr,lzéf,s} /0 fg( A Jultn+ )) L~(Q)
ne{l1,2,...N}
)
ma ma l—o)u(ty+¢1))do <Cy,
56{1222} ie{LZf.,s} fé( +(1-o)ult+e n)) wie) ~
ne{l,2,..,N}
_ (n)
C=Cu( max U w2 ol 07wz
ne{l,2,...,N}
1
. . (n)
ie{g,r.l..7s} eiseéznf/o f2(cU" +(1—0)u(ty+ ;1)) (x) do > C,.
ne{12,....N}
Weak formulation. We test the error relation stated above with
AE" | ie{1,2,....s}, nef{0,1,... . N—1},
A= diag(sz%k“,xz%k) , ke{0,1},
perform integration-by-parts, and add all components to obtain
- 172 () (n) 1/2 (1)
ZQU<A (Ej —e”)‘A Ei )
i,j=1
—Tan (/ F GU() +(1=0)u(ty+cit)) dGE >
n Y e (A2 A2ENY ) ne{0,1,...,N—1}.
i,j=1 '
The elementary estimate given in (3.4), Young’s inequality with additional weight
xX1xp < Cy( )Xl +Cy( )xz, x1,x €R, Cy(e) = %8, Cy(%) = %%, E> 0,
and the expansion of the defects (4.4) imply
|A1/2e(n+1) ‘2 _ ‘Al/Ze(n) ‘2
s 12 (n) (2
<&ty |AE"
= (4.6)

s 1
+21’n2b,- (/ F’(GUE”)Jr(l —o)u(ty+¢;T,)) dGE
i=1

0

’)

1 1/2 12 2g+1
+C€_0|'A/u|W£+l(0,T;(L2(Q))2)an , ne{0,1,....,N—1},
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with & > 0 and generic constant C > 0 depending on the method coefficients. We note that the
special form of the defining operator implies

k2 Ei(g) — k2 e(()n) +1, Zl ai; k2 EJ(T) + 1, 2 r,-(g),
J:
ie{l,2,...,s}, ne{0,1,....N—1}, keNp.

see (4.5). By means of Young’s inequality and the estimate for the defects (4.4), we thus obtain
the bound

A

4.7)

<3|a*?el)? +Cx, i | A2 EW P gttt “0\€vz+1(o.r~%ﬂ) :
.:1 ’ *

j
ie{l,2,....s}, ne{0,1,....N—1}, keNp,

with a generic constant C > 0 that depends on the coefficients of the considered stiffly accurate
Runge—Kutta method. We next deduce an auxiliary estimate for the term

I
(/ F(oU" +(1-0)u(ty+ci1,)) do E” AEE”)) :
0

ie{l,2,...,s}, ne{0,1,....N—1},

Auxiliary estimate. Leti€ {1,2,...,s}andn € {0,1,...,N — 1}. Our starting point is the
equality

: (n) (n) (n)
(/ F(oU" +(1-0)u(ty+¢7,)) do E" >‘AEi" )
0

_ ( Ei(ln)

1
+ /Ofll(GUE”)+(1—cr)u(tn+c,-rn)) doEi(g)’,;zf]Ei({’)>

! (n) (n) (n)
/0 flz(GUi +(1—6)u(l‘n+CiTn)) do o Ey ’M]Eil >

+

/N 77 N 7/ N

1
/0 (o + (1= 0)ult + %)) do £ | oA EY)

! (n) (n) (n)
_</0 fzz(GUi +(1—c7)u(tn+c,-rn)) do 4 E; ’M]Eil >

and reformulations resulting from integration-by-parts.
(1) We first consider the case

k=1, = =4,
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where the above given relation rewrites as

1
(/ F(oU" +(1-0)u(ty+c1,)) do E"
0

)
i(g))

1
/0 f11(0U,(n) +(1-0o)u(ty+¢7,)) do Ei(g)

_ < o El_(ln)

_|_

1
/ flz(GUE") +(1—0)u(ty+¢;1,)) do ME,-(S)

(
_<0

i

(

_|_

/0 £1(oU" 4 (1-0)u(ty+ 1)) do E

1
/0 o (6U” 4+ (1— 0)ulty +i7,)) do o/ BT

i(ln)> .

By means of Young’s inequality with weight € > 0 and the Poincaré—Friedrichs type inequal-
ity (2.5), we obtain

<(1+CC) |7 EY) WE.(")|+C ED] \MEF”)|—C |dEi(f)|2

</1F’(GU§”) +(1-0)u(ty+c1,)) do E"

0

L(+cc)|oEQ |+ 1L -Gy EV ]+ (e1(1+CC)—C) |7 EY

—81

with generic constant C > 0 depending on Cpr > 0. Provided that the weight £ > 0 is chosen
sufficiently small such that

we arrive at the estimate
k=1, o= '!2{27 =9,

1
(/0 F (o UE") +(1-0)u(ty+ci7)) do EE”) l(”)> (4.8)

<la+ca) )|/ EW P+ L Lc, EW)? 8| EP

(i1) Similar arguments are employed in the case

k=0, =, o=I.



374 B. KALTENBACHER, M. THALHAMMER

Here, applying integration-by-parts, Young’s inequality with weight €, > 0, and the Poincaré—
Friedrichs type inequality (2.5), yields

1

</ F’(GUE")+(1—G)u(tn+c,~rn)) dGE

0
- ( \V2ED fé”)

: () (n)

+(/0 fil(eU" +(1—0)u(t,+ ;7)) do E;y

- (ﬂl/zE.(g)

Ez(l )>
1
(/ flz(GUgn) +(1-0)u(ty+¢i1,)) do El.(]”)>>
0
1
+ (/0 f21(6U§") +(1-0)u(t,+¢1,)) do El.(l") l.(l’l)>

I
_ (ﬂl/in(ln) (/0 f2(o U + (1= 0)u(t, +i1,)) do Ei(ln)))

< Wl/in(g)‘ Wl/in(f)| +c, (}Ei(g)! ‘Ei(ln)} + IM”E,%)\ Wl/in(f)|

n WVZE,.(S)} |Ei(1n)‘ 4 ‘El_(ln)|2+ |Ei(ln)’ ‘dl/in(ln)D _Q‘g{l/in(l”)P
+(e1(1+cc )IWI/QE \

with generic constant C > 0 depending on Cpr > 0. Hence, by choosing the weight & > 0
sufficiently small such that

& (1+CC,)-C, < -6<0,
we get the estimate
k:07 %:%7 lev

(/]F’(GUE") +(1—0o)u(ty+¢i 1)) dGE

0

) 4.9)

<& (+CC) | PEQ + (14 4) Gl BV = 8| B

Global error bound (Implicit Euler method). As illustration, we first consider the implicit
Euler method, where it suffices to set & = 1 and the above stated arguments show

|A1/2e(”+1)}2—‘.41/2 (n)‘Z
<CC(£,C) ] A2 D24 ClAY 0] s @ e €0 L N1}

with generic constants and C; depending on the indicated quantitites, see also (4.6), (4.8)
and (4.9). Summation and a telescopic identity imply

|A1/2e(N)\2
N—1
<[40 oo (E Z o AL LA ) e L
n=0
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Finally, by a Gronwall inequality, we obtain the global error bound
1/2 L(N)|2 1 1/2,(0)12 2
AZeMP <co (L6 (A0 422, ).,
Tmax = max{7, :n € {0,1,....N—1}},

where the arising constant in addition depends on the final time.
Global error bound (Stiffly accurate Runge-Kutta method). More generally, combin-
ing (4.6), (4.7), (4.8), and (4.9), a bound of the form

‘Al/ze(nﬂ)’z_ ]Al/ze(”)lerTni|«@7(k+1)/2Ei(1n)\2
i=1
SCTnZS:‘Al/Ze(H)‘z

S
+C1, (804 1, +C4 Z} k“/ZE \

+C\Al/2u|W£+1 , T4t e do,1,... ,N—1},

(0.7:(L*(Q))

holds. Requiring the time stepsizes, the weight & > 0, the initial data and hence the bound C,
to be sufficiently small, we have

|A1/2e(n+l)‘2_ ‘A1/2e(n)‘2

,ttt nefo,1,...,N—1}.

<Cr, ; A2 A ull 20,

Thus, summation and a Gronwall inequality lead to the result

2
|Al /2 o(N) ’(L2( ) gc(|Al/2e(0)|(L2( 2+ 7T max),
Tmax = max{t,:n € {0,1,....N—1}}.
Altogether, we arrive at the following result.

Theorem 4.1 (Westervelt equation). Let u = (ug,u;)” = (u,u’)T denote the solution to (2.1),
and set A = diag(</**!, a7%) for k € {0,1}. Suppose that the considered stiffly accurate
Runge—Kutta method of nonstiff order p and stage order q fulfills the fundamental condi-
tion (3.4). Provided that the time-continuous and time-discrete solutions satisfy the regularity
requirements

|MO’W°£(07T;W°%(Q)) + |MO|W£+1(0,T;W21 Q) + ‘MO|W°€+2(O,T;L2(Q)) < C, r= mm{p,q} N

max{|U§”)‘(W£(Q))2:i€ (1,2,....s}ne {1,2,...,N}} <C

and that smallness of the time-continuous solution is ensured on the considered time interval,
the global error bound

|Al/2 (“(N)_“(TW?LZ(Q))Z §C(’A1/2 (“(O)_“(O))’? @)yt Toax)

holds for Tmax = max{t, : n € {0,1,...,N — 1}} sufficiently small. The arising constant in
particular depends on the quantities in (4.10).

(4.10)
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Remark. For the convenience of the reader, we restate the global error estimate for the
Westervelt equation with k = 0 employing Sobolev-norms

™) —p(T) !‘21,21(9) +1[0p™) —a,p(T) !iz(g)

< (1P = p(O) 30 + 9P = Ap(0) 1o + s )-

4.2. Jordan—-Moore-Gibson-Thompson equation. We next consider the Jordan—-Moore—Gibson—

Thompson equation (2.2), where the defining nonlinear operator and its Fréchet derivative are
given by

Vi 0 1 0
v=(ov1,v), FW)=( w |, Fm=( 0o 0o 1 |,
F3(v) Fi(v) Fi(v) Fi(v)

F3(v) = 7= (= Bi/vo — B/ vi — (1 = B3vo) va + B311)

FiW) =h() =, Fp(v)=h(V)— 2o, Fav)=hA),

AW =Lv, pW=FLv, ) =—710-Bw),
ﬁlzcza B2:b7 ﬁ?; Zﬁa.

Due to the fact that the analysis is significantly more involved, we include detailed arguments
for the implicit Euler method satisfying

et e = ¢, F'(u(fy1) + Le ) et g, rgn) , ne{0,1,....,N—1}.
We in particular employ the regularity requirements

1 g(n1)
xS (o) + e )

C”:C”<ne{r1{122,l.).(.,N}|u<n)|(L°°( o |Holwzo. 270 )

(i) On the one hand, we test with

<Cy,
L=(Q)

0
(n+1)
%1 e
eén—i—l)
and perform integration-by-parts. Together with the elementary relation in (3.2), this yields

o 2P e 2l P - e
<c(C)n (oo™ Porfer P )
3

+C<‘u0‘t21V£(O,T;W( +‘MO‘W4OTL2( )))Tn nef{0,1,....N~1},

with a generic constant C > 0 that in particular depends on C
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(i1) On the other hand, testing with

0

n+1
ngeil +1;
szel

and employing smallness of the quantity C,,, we have
|71 2P 2P g, | Y

< C(Cu) T, <‘%e(()n+l)‘2+ ‘e§n+1)‘2>

2 2
+C <}MO|W£(O,T;L2(Q)) + }MO|W°4G(O,T;L2(Q))> T, ne{01,....N—1},

where the generic constant C > 0 again in particular depends on C,.
(iii)) Combining both bounds, summation and a Gronwall inequality show

12 P | < € (o el e+ T
Tmax = max{7, :n € {0,1,.... N—1}}.

More generally, we obtain the following result.

Theorem 4.2 (Jordan-Moore-Gibson-Thompson equation). Let w = (ug, uy,uz)’ = (u,u’,u”")"

denote the solution to (2.2), and set A = diag(0, </ ,I). Suppose that the considered stiffly ac-
curate Runge—Kutta method of nonstiff order p and stage order q fulfills the fundamental con-
dition (3.4). Provided that the time-continuous and time-discrete solutions satisfy the regularity
requirements

[uolwz0.7:w2 (@) + |Holwz 0. 7.wp () + H0lwz 0,702 <€ r=min{p.q},
4.11)
max{|U§")‘(W2(Q))3 ief{1,2,... shne {1,2,...,N}} <cC,

and that non-degeneracy is ensured on the considered time interval, the global error bound
1/2 ((N 2 1/2 (+(0 2 2r
A / (“( : —u(T)) ‘(L2(Q))3 <c(lA / (“( : —u(0)) ‘(LZ(Q))3 + Tonax)

holds for Tmax = max{t, : n € {0,1,...,N — 1}} sufficiently small. The arising constant in
particular depends on the quantities in (4.11).

Remark. Employing Sobolev-norms, the stated global error estimate reads as
2 2
’atP(N) —aip(T) |W21(Q) + ’attp(N) —dup(T) |L2(Q)

< ([P = ap(0) iy + 1P = up(0) 13y + T )
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4.3. Blackstock—Crighton-Brunnhuber-Jordan—Kuznetsov equation. For (2.3), similar cal-
culations yield

Vi 0 1 0
v=(vo,v1,v2), F(¥)=1[ wm , F(v)= 0 0 I ,
B () Fi(v) Fh(v) Fi)

F3(V) = — (1—|—B5V1)_1
X (53~<27V1+l32~<272\/1+B1MV2+B4@72\/0+I35V%+2[36|VV1|2+ 2136VV0~VV2>,

F (V) = —fu(v)&* = fia(v)-V,

V) =Ba (14Bsv1) ™", fia(v) =2Bs (14 Bsvi)~ Vs,
Fi(v) = fa1 (V) = faa (V) % = fo3(V) = foa(V) -V,

fo1(v) =Bs (1+,35V1)72

><([5’3»@{1/1+ﬁ2£f2vl+ﬁ1ﬂvz+ﬁ4ﬂzvo+ﬁs\%+236|VV1|2+2[36VV0'VV2>,
f22(V):ﬁ2(1+ﬁ5V1)_1, fzs(V)=ﬁ3(1+ﬁ5V1)_l, f24(V)=4ﬁ6(1+ﬁ5V1)_1VV1,
Fi3(v) = = f31(v) = f2(v) = f33(v) -V,
(V) =2Bs (14 Bsvi) va, W) =B (1+Bsvi) ", fi3(v) =2Bs (1+Bsvi) ' Vv,

with certain constants By, 32, B3, B4, Bs, B > 0. Again, we include detailed calculations for the
implicit Euler method

1
e(rH1) _ o) :Tn/ F (cu™ 4+ (1—6)u(tys)) do e 4 g,rl"
0

ne{0,1,....N—1},

making use of the regularity requirements

1
+1)
max max ‘/ S (ou™tY) + (1= o) u(tyy dG’ <C
0e{11,12,21,22,23,24,31,32,33} ne{1.2,...N} | Jo Ji( ( Jutner)) @~ "

Cu=Cu <ne{1117122},).(.7N} [ sy |”°|W£(0’T;Wi<9>>) ’
1

. inf (n+1) 1— ; i6>C..
Ee?zggz}eise}zn A fe(Gu +( O')u(nﬂ))(x) c>C,

(i) On the one hand, we test with

ﬂ3e§n+1)
%egn+])
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and perform integration-by-parts, which yields
2O oo o 2O oy 2 g a7 )
<cCr, (|4272 e(()nJrl) ‘2 4 ‘&72 e(anrl) ’2)

2

3
+C (\uofwg(o,r;wzz(g)) + ’L‘O‘W;E(O,T;LZ(Q))> T, ne{0,1,....N—1},

with a generic constant C > 0.
(i1) On the other hand, testing with

0
%3 e§n+l) :
72 egn—kl)
we arrive at the bound
BT A P LA PR

<Cr, (\dze(()n-i-l)‘Z_f_’%eén—i—l)’Z)

2

+C <|uO|W3(0,T,W22(Q)) + |M0|W£(0,T;L2(Q))> Ts s ne {O, 1, v ,N— 1} .
(iii)) Combining both bounds, summation and a Gronwall inequality show
N) 2 N) |2 0)2 2
o Pt I < (Rl oo P )
Tmax = max{t,:n € {0,1,....N—1}}.
More generally, we obtain the following result.

Theorem 4.3 (Blackstock—Crighton—Brunnhuber—Jordan—-Kuznetsov equation). Let u = (uq, uj,
)" = (u,u’,u")T denote the solution to (2.3), and set A = diag(0,.273, /). Suppose that the
considered stiffly accurate Runge—Kutta method of nonstiff order p and stage order q fulfills
the fundamental condition (3.4). Provided that the time-continuous and time-discrete solutions
satisfy the regularity requirements

luolw2(0,r:wa) + |”0|W;+2(0,T;W22(Q)) +uolyz 072 €5 r=min{p.q},
max{|U§”)’ piie{l2. . shne {1,2,...,N}} <c,
and that non-degeneracy is ensured on the considered time interval, the global error bound

A2 (N —u(1)) {2 gy < CIAY2 (0 = 0(0)) (205 + To)

4.12)
(Wd(Q)

holds for Tmax = max{t, : n € {0,1,...,N — 1}} sufficiently small. The arising constant in
particular depends on the quantities in (4.12).

Remark. Employing Sobolev-norms, the stated global error estimate reads as
2 2
|9y ™) — 3, y(T) \WS(Q) + 3y ™) — 9y (T) }Wzl @
2 2 r
<C <|3tl//(0) —dy(0) ‘WS(Q) + }azz W(O) — iy (0) |W21 (@) + Trznax) .
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5. ENERGY EESTIMATES

In this section, we deduce uniform energy estimates for the three nonlinear acoustic equations
dicussed in the previous sections on a more abstract level, thus potentially comprising other
nonlinear evolution equations. The purpose of these energy estimates, that in parts also differ
from the energy estimates in the literature on nonlinear acoustics so far, is their transfer to time

discretisation by stiffly accurate Runge Kutta methods.

Abstract higher order PDE model. As already indicated in (2.1b), (2.2b), (2.3b), we can
write the equations under consideration in the framework on the abstract higher order PDE

model
"y +b(u, du, ..., 0" u) " M+ Z ci(u, O, ..., dMu) 9"y
i=1

= AB(u,ou,...,0"u)|(u,du,...,0"u))
with 0 </t <l <---4,,0<k,,
B: D (B)— L(Dr(B), ),  D(B), Do(B) C "
and a selfadjoint densely defined operator <7 on a Hilbert space .7
A DA ) — I, 9D CH
satisfying a Poincaré-Friedrichs type inequality
lv| < Cppletv|, ve D ()

(e.g. o =—Ap, Z(/) = H*(Q)NH,(Q), # = L*(Q));
We will use the notation | - | and (-|-) for norm and inner product on 7, respectively.
Recall that this applies to the above models with the following settings:

o Westervelt: m=1,k,=1,r=1,¢,=1.
e IMGT:m=2,k,=0,r=1,¢,=1.
e BCBIK:m=2k,,=1,r=2,0=1,¢=2.

First order reformulation. We rewrite (5.1) as

u'(t)+ A(u(t))u(r) =B(u(r)) [u@®)], r€(0,7),

uo(1) 0
a = | 1 B(u(r)) [u(r)] = 0 ,
U (t) B(u(t)) [ur)]
0 -1 O 0
0O -1 0
Au(r)) = 01 i
0 ic,(u(t))gﬂf b(u(r)) ok

(5.1)

(5.2)

(5.3)



TIME DISCRETISATION METHODS FOR FUNDAMENTAL MODELS IN NONLINEAR ACOUSTICS 381

5.1. Energy estimates in the linearised setting. With coefficients b, c; € L*(0,T;L(S7, 7))
(i.e., in case of J# = L*(Q) simply b,c; € L*(0,T;L~(Q)))) that may depend on space and time
and a one-homogeneosly bounded operator ¢

9 . (O,T) X Xo —)jf, Xo :X070 XXOJ ><X07m - %m+1
GOV =9 (t:v0,-..,vm)| < CallVllx,

with a uniform constant Cg (note that ¢ does not necessarily need to be linear to satisfy this,
but it will be in our application of the estimates to the models above) with the right space Xy yet
to be determined, and f € L?(0,T; %), we consider

(5.4)

8m+1u+b%km8mu+2c%£ " u=9u,du,...,0"u+ f (5.5)
i=1

i.e., written as a first order system

u' (1) +A()u() = (0,---,0,9(1) ()] + f(1))"

0 -1 0 T 0

0 0 —I 0 Se (5.6)
withA=| | ) ) ) .

0 il gk

First of all we demonstrate the ideas with constants b > 0, ¢; > 0.
Testing with

r

0,...,0, Y @ [cict iup 1 (t)], o " um(r))" (5.7)
i=1
yields

(u ]dem ity (1 )])

+ <u,’n(t) + Z it "ty 1 (1)) + bt (1) | M0 (1))
i= (5.8)
1d

T 24

k 1 2 1 2 b k 2
= (FOW)+ £ un(0) < C|FOWO)| + |0 + 3] )]
hence after integration and taking the supremum wrt. time, we get, for arbitrary s € [0, T], using
SUP;e(0,s) (a(t) +b(1) + (1)) > % SUP;e(0,1) a(t) + % SUP;e(0,1) b(t)+ 411 SUP;e(0,1) c(1),

b
“’Q{km/zumHi”(O,s;%”) Z ||’d U t)/2 Um—1 HI%“’(O,T;%) + EH%kmum(t)H[zAz(O’S;%)
i= 1

& el 1)+ Z G et/ | (1) 4 0] o 1)

2
2dt ‘

(5.9)
< (19112 0.000) + I 12000 + [ 2t ‘JFZCl‘ (et )12y, (0)],

O"I-lk

where due to the fact that u,,—2(t) = ty—2(0) + f§ um—1(7)d7, with

() = (o(t), ., (2, thm_2(0) + /0 1 (DT, 1 (1), (1))
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we have
S
91001320y < € [ 1000)

N t
<2 [ (1000 + i -200) s+ [ 1 (5) 3,2l

This extends to the case of space and time dependent multipliers

(5.10)

b,c; € L”(0,T;L(,)), b>b>0
and either V', c} € L*(0,T; L(#, 7))

C,-Zgl->0

(5.11)
or [0l 1o 722,60 > il o705,y sMall enough

via the identity

Lalver o - (oo

— <Qy(p+q)/2v/(t))C(t)gy(pw)/%(t)) 4 % (ﬂ(pw)/Zv(t) C/(t)ﬂy(pw)/%(t))
= (V)| L) 7)) (5.12)
+ (V)| R0 D)) - e (1) 701

1

2

(C/(t)g{(pw)ﬂv(,) ‘%(erq)/Zv(t))

+

which in case of v=1u,,_; and c =c¢;, p

= ky, g = ¢;, using the fact that uﬁn_l = u,,, reads as

3 Vet [ (0) = (11 ()] cl0) 7 01 0]
(1) R 2 (). ot gy (1)) = (0 Pt 1 (1))
+ % (c’(t)%(kmﬁ")/zumfl (1) ‘d(km”")/zumfl (f)> :

This results in

IG oy kmt61) 2 (km61) /2 (5.13)
+§Z<ci(t)£f et um_l(t)‘% nt um_l(t))
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< %‘%(t)[u(t)] +f(t)‘2+ i’\/b(t)ﬂf’kmum(f)‘z
+%ggl ()|, | i0) o Bt 2, 1()‘2

1

\/_%k’"um ‘

2
+ - Z ‘ng(fﬁkm)/Z[Cid(km%)ﬂum_l ()] = [cie ‘i1 (£)]
2i=1

from which, as above, by time integration an energy estimate can be obtained.
A second energy estimate can be obtained by testing with

(0,...,0,. 27" [be? " tty_1 (1)], " th_1 (1)), (5.14)

which, by using (5.12) with ¢ = b, p =k, ¢ = ¢, yields

2 2
%%‘\/Bd(km+£r)/2um_]‘ (t) cra/ /2y, (t)‘

= (2@ + 0| 11 (1)
O 0] )
+ (s | ot R oy 0 2y 1)) = 7 ot a1 1)

- ‘2 (5.15)

GO O]+ 0| + Ve 10

1
<,

2
* |

1
e o' (1) ) [/ er e Er 0 2y (1)

2 2
+ 3 [VBS (1) 5 2ot ot 2 ()] (ot ()
P

1
+ Ve )
2
1 (¢ B | |
+ c_ <Z ‘ﬂ(& Er)/z[ciﬂ(£r+£z)/2um_l (t)] _ [Ci%ﬁlum_] (t)] ‘) )
=r \i=1

Therewith considering all left hand side terms in (5.13), (5.15), we expect — after time inte-
gration — to obtain bounds on

fon /2 k
|| o7/ || =0.7:2)s 197" tml| 200,17,

|7ty | =0 7o), |27 Fr )2

“%(km—i-fr)/Z

um-1lli=0.10) | 1|l 2007.5)

um—2llr=0. 100, 11 |l 10 1)
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and therefore, via the identity u; = uj;1 and the estimate

llz=(0.7:2) < i (O)|z+ VT [ujs1ll200.7.2);

which allows to inherit the regularity of higher time derivatives,

fon /2 k
|| o7/ || =0.7:2)s 197" tm| 200,17,

”%max{km,(km—i-ér)/z} ||dmax{kmv€r}

Um—1 ||L°°(O,T;z9f)> Um—1 HL2(0,T;<%”),

(5.16)
|| o7 mu ;n—l”LZOT'%”)’
o™i 20 70, G € (0,0 m= 2}

Thus we define the energy induced spaces by

m7£r .
||427max{k }MJHL”(O,T;%)a

X = <L°°(O, T; D™ty HY (0, T @(%max{km,er}))>m_l
L2(0,T; 2™kl ) A L7(0, T; 9 (7™ U (ki +0:) /21
NH'(0,T; 9 (")) (5.17)
x L*(0,T;2(/*))NL=(0,T; D(at*/?))
C L(0,T:Xo) NL*(0,T:X,)

with
Xo = Xo,0 X Xo,1 X -+ X Xo.m

_ g(dmax{km,ér}>m—l % 9<dmax{km7(km+€r)/2}) % 9@2{/’%/2)

(5.18)
X1 :X170 ><X171 Xoeee XX]m
_ @(dmax{km,ﬁr})m « @(%km)
Indeed, integrating with respect to time and applying Gronwall’s inequality
) <af(t +/b s)ds forallt € (0,T)
, (5.19)
= n(t) <alt +/ exp(/ b(G)dG)dS forallz € (0,7)
N

for n,a,b > 0 (see, e.g, [34, Lemma 2.7]) to the energy estimates resulting from (5.13), (5.15),
together with (5.2), u;(t) = u;(0) + fot ujr1(t)dt, as well as (5.10) and the fact that X,
continuosly embeds into X ,,—2, yields uniform bounds on the energy terms (5.16), provided
the initial data satisfy the regularity

(uo(O),ul(O),...Mm(O)) € Xo (5.20)

and the terms emerging from space dependence of the multipliers can be dominated by the
corresponding energy terms:

‘%(Ki*km)/z[ st k)2, 1(1)] —[c iﬂf&“m—l(tm

| ) 2 g oot 2y, ()] — 0.7 it (1]

+ | )2 g D 2y, (10)] = (e i1 (1))

< Coo (| tm 1 (0] + 1/ 4 Pty (0)]) +-ocl -1 (1)

(5.21)
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We therefore arrive at the following result.

Proposition 5.1. Under conditions (5.2), (5.4), (5.11), (5.20), (5.21), with cpc small enough,
any solution u to (5.5) satisfies the estimate

I3 o)l < €(11((0),3(0). .. A"u(O) sy + 172 0.7
or some C depending only on T and the constants bb, cc;, Cpr, Cyc, Cg.
1

Remark 5.1. Existence of a solution to (5.5) with given initial data of the regularity prescribed
in Proposition 5.1 can be proven, e.g., by means of a Galerkin discretisation with eigenfunctions
of o/ and taking limits as the discretisation gets finer, based on energy estimates like those in
Proposition 5.1, cf., e.g., [21]. Uniqueness follows from Proposition 5.1, since the difference
between any two solutions satisfies (5.5) with homogeneous initial data and f = 0.

5.2. Energy estimates and well-posendess in the nonlinear setting. To establish well-posedness
and energy estimates for the nonlinear equation (5.1), i.e., (5.3) with initial conditions

u(0) = (u(0), u(0),...,d"u(0)) = @ € Xo, (5.22)

we define the fixed point operator .7 : B (0) — X by assigningtov € Bf (0) ={veX : ||v]x <
R} the solution of the linear initial value problem (5.5), i.e., (5.6) with

b(1) =b(v()), cilt) =ci(v(t)), GOV =B()V], f=0 (5.23)

and (5.22).
We assume that we can choose R > 0 such that

BY(0)C{veX :b=b(V), ci=ci(v), ¥ =B(v)satisfy (5.4),(5.11),(5.21)} (5.24)

(we will verfiy this for the nonlinear acoustics models from Section 2 in Section 5.3 below).
Proposition 5.1 then implies that .7 is a self-mapping on BX (0) provided ||io||x, < g.
To obtain contractivity of .7 we assume that

Y lei(®) = ci(P) | ) Cor < Cellf=Tllxy,  16(5) =b)l|Lir,) < Goll¥ = Fllx, (5.25)
i=1 .

1B () — BO)Lix, ) < CollF—Tllx,  forall %7 € X
(again to be verified for the nonlinear acoustics models from Section 2 in Section 5.3 below)
and the fact that & ;= u—1 := 7 (v) — 7 (V) with v, ¥ € B{(0) (thus, by the already shown
self-mapping property of .7, also u, @t € B% (0)) satisfies (5.6) with b, ¢;, ¢ as in (5.23),

f = (B() ~ ZE)E)+ (AX) ~ AT 1
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and homogeneous initial data. Proposition 5.1 and the estimate

Il r) < 1) —%<v>>[ﬁ]||y<ow>
UL (00~ o+ 106) =6l
([ 190) - 5®) i, o160 By ar)
(] 1B v ) =S 7 s 0P )

1/2
yf"mﬁm(tﬂzdt) /

= (] 10630 =BT
< (Ce+Go+Ca)R[lv—7(1x

yields contractivity for R small enough. Thus from Banach’s Fixed Point Theorem we obtain
the following result.

Theorem 5.1. Under conditions (5.2), (5.24), (5.25), there exists R > O (sufficiently small) such
< g the initial value problem (5.1), (5.22) has a
unique solution w = (u,du, ...,d"u) € X and this solution satisfies the estimate

1w, 0, ..., 9"u) [ < Cl|@]|x,

with C as in Proposition 5.1.

5.3. Application to models from nonlinear acoustics. We now verify conditions (5.24), (5.25),
1.e.,

Ivllx <R = b(v),ci(v) € L™(0,T;L(, ) "WhL(0,T; L(, ), (5.26)
Vllx, <R =
(b(v)zt_»o G >c >0
i 2 ey (7). 0 ] = [ei(P) w1
[ hon) 21 ()7 Gt 201 ()7 v ]| (5.27)
+ | =D PRy (9). a7 )y, 1] — [ei(3) 7 w1 ]|
< Cpe (|J27k’"wm—1| + | Cnt )2y, ) + coe| A " Win_1|, for all w € X;
1B (7)) < Cal|#]x, forall # € Xo )
and

ZHC ¢i(V) i) Cpr < CellP—Fllx,

. (5.28)
Ib() = b)) < CollF =TI,

|8 (V) — B(v )HLXI, <CBHv—v||X0 for all #,v € X

for the models from Section 2.
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BCBJK:. m=2k,=1,r=2,01=1,0,=2,
= D) x D(*?)x D(A'?), X) = D(A?)x D(A*) x D (),
N | . _ B . B -
b(V)— OC(Vl), C](V - OC(Vl), Cz(V)— a(V1)7 (X(V])—1+B5V1,
1 2
Nwl= —— (- VvV Vvg-V .
B (V) [w] 200 ( Ba o “wo + Bsvowy +2Vvy - Vi + 2V wz)
Conditions (5.26), (5.27) follow from
)0 = Bs| )] <BBs| ()
di I P a(y < )2 e = P i 0 @ @
and likewise for cq, co, as well as the estimates
Valer =) < VT Cotar—r=@) | vall20.7,0) < VT Coery—1=(@)R
’ 1 1
a(vi) l=0,1:L2(@) — 1= |1 —at(vi)|=(0,7:1(0) (5.29)
[1—a(vi)

|L°°(0,T;L°°(Q) < ﬁscg(gﬂ/z)ﬁm(g) |2/ v1 ||L°°(0,T;<%”)

< BsCoeriyi=()R

%1/2[;M3/2wm71] N [ 1 ﬂzwmle

a(vi) a(v)

= |Vl VAWn-1] = [y w1l = 231 g Vv - VAW
1

Ala(v)?
j—z§|a(m2 |0 Car) 1) 201 | | P W]
B
A

|OC(:1)2 |L(%,%)C9(PQ¢)HUQ )R|42/ (kim+-€-)/2 Wm—1|

[ P g P wm] = [y @ W1l

a(vy)

= | a7~/ <[a(1vl)VAwm*1] - V[;)Awmle |

(Z(Vl

C2A|527 1/2[ a(v )2VV1AWm—1]|

< Crr 5 R g i ) Cotarsim@RI 0 2wy

|2 (V)|

§|—1 |\L(2,2) (ﬁ4|d2Wo|+ﬁ5|V2W2|+2|VV1-VW1|—|—2|Vv0-sz|>
| 1

IN

oy L) <ﬁ4|% wo| +B5 7, (A1/2) 14O |4271/2V2||5271/2w2|

(5.30)
+2C2( A= WIA(Q )lﬂleWW”—}—ZC@ AL (Q |£73/2V0|\4271/ZWQ!>

a(v) |Loe00) 1P,

|
</34 +R (ﬁ5 Cor12ysi4(@) T 2Co () wia(ay CPF +2Co () 5170 |> ) :
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Condition (5.28) follows from the estimates

11 Bs|— L (=)
a(vi) @)y la(n)a(®) = @) .
1 1 . ‘
< c s
B BS a(vl) L2(Q) 06(\71) 1~(Q) .@(15273/2)_% (Q)HV VHXO

as well as the identity

1 . o
iy (@) = alv) 2

+ Bs (V2 — \72) wyp + 2V(v1 — \71) -Vwy + ZV(VO — \70) . VW2>

B — BF)W =

and the estimates (5.29), (5.30), (5.31), as well as (analogously to (5.30))

|(v2 =) wa| <C2 A2 (vy —52) || P,

(12)514(0)]

]V(vl —\71) -le‘ < C?@(%)*)WIA(Q)|%(VI —171)’ ’%Wl‘,
and
[V (vo = ¥o) - Vwal| < Copar) ()| >/ (vo — F0) | | Pwa]

hence altogether

- —

[ BV — B0)w] < Cpllv—Vllx, W], -
JMGT:.. m=2,k, =0, r=1,0,=1

Xo=D(A)x DA ) x A, X\ =D(d)x D(A)x A,

. o(v ., b 2
o) =20 )=, alo) =1~ ot

N[ C2 2P,
B[] = - atwo + I%vlwl.

Trel
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Conditions (5.26) and (5.27) follow from

1
Hm —b(V)(t)l|z=(0,7:L(52 7)) = T_,Hl —a(vo)llz=(0,r:2=(Q))
1 2B,
Trel pc2

< —

[vo(t)|r=(0,7:0=(0) < — = 3Co(r)1=()R

1 2B,

I 2Ba
I 2o MOl oraiesen = -5 aMilwore-@) < -

Trel

\/_C@ o) —1=(Q)R

|12 (o (vo) P w1 — [0t(vo) A Win_1]
= [V]ex(vo) Vw1 — [(vo) Awin1] = 25| Vig - V|

2B, 2B, ,

= p€2cg@($zf)—>wh4(g)‘dv0‘ "Q{Wm—ly < p[cizcé(%)_}w]_A(Q)R‘ﬂe Wm—]|
. ¢ 20,

|%MWS—WWH£WWH

2
<—\dw0|+ B“CZW./Z syl il P

rel

c 2B4 B
= (T,e, + pc2C@(W'/2)—>L4(Q) R) 11, ,

and condition (5.28) from

|t (vo) — (Vo) |z ) = %Ivo—ﬁo\m( < IZJEZCZ( o)1=(@) [ (0= )|
- ;z)ljgcz( )—>Lm(Q)|"7_‘7"X0
[ = o 2 . i
| B(V)[w| — B (V) [w]| pﬁ ‘(vl—vl)wl‘gc P2 ‘% /2( vl)HQ{I/ZWl‘

2 — =
<C, DAV S14(Q )“V VIx0 W]l x, -

Westervelt:. m=1,k,=1,r=1,¢,=1
Xo= () x DA'?), Xi=D(A)x D(A),

B[] = v

Conditions (5.26), (5.27), (5.28) can be verified as for JMGT, just skipping the term —TC—2142% wo

in B and taking into account the fact that a(lw) — a(lﬁo) =— a(VO)la(ﬁO) (a(vo) — o (Vp)).

Corollary 5.1. There exists R > 0 (sufficiently small) such that for any initial data (5.22) with
|uo|x, < g the initial value problems (2.3), (2.2), (withm =2) (2.1) (with m = 1), (5.22) have
unique solutions u € X and these solutions satisfy the estimate

=0
lullx < Clla”]x,
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with
BCBJK: X = W*™(0,T;H, (Q))NH*(0,T; H3(Q))
NWH=(0,T;H3(Q)) NH' (0, T: H(Q)),
Xo = HZ(Q) x H}(Q) x Hy (Q)

JMGT: X = W>™(0,T; L*(Q)) nW"=(0,T; Hy (Q)) NH' (0,T; H3 (Q)),
Xo = H3(Q) x Hy (Q) x L*(Q)

Westervelt: X = W'=(0,T;Hy (Q)) NH' (0,T; H3(Q)),
Xo = H3(Q) x Hy (Q)

wlllere H(Q) = H*(Q) NHy(Q), HY(Q) = H*(Q)NHy (Q), H(Q) = {ve HY(Q) : v, Ave
Hy (Q)}.
Remark 5.2. A comparison to [17, 18, 21] where the following regularity results have been
established

u e W>=(0,T:Hy(Q))NH*(0,T;HZ (Q)) NL™(0,T; H (X)),

(o, u1,up) € HY(Q) x H}(Q) x Hy (Q) for BCBJK;

u € W»(0,T;L*(Q))NW"=(0,T; Hy (Q)) NL™(0, T; H3 (Q)) ,
(uo,u1,u2) € H3(Q) x Hy (Q) x L*(Q) for IMGT;

u € H*(0,T;Hy (Q)) NW>=(0,T;L*(Q)) N\W'=(0,T; Hy () NL=(0,T; H3 (X)),
(up,up) € H<2>(Q) X H<2> (Q) for Westervelt;

shows that our results here give stronger regularity under stronger (or the same) smoothness
of the initial data for BCBJK and JMGT, and weaker regularity under weaker smoothness of
the initial data for Westervelt. Beyond such a comparison, our aim is a unified approach that
is amenable to implicit time stepping schemes, though, as we will carry out analogous energy
estimates in the following section.

6. ENERGY ESTIMATES, WELL-POSEDNESS AND CONVERGENCE OF TIME-DISCRETISED
SYSTEMS

In this section, we will transfer the energy estimates from Section 5 to the systems obtained
by an implicit discretisation with stiffly accurate Runge Kutta methods. This will enable us to
prove well- posedness of the (time) discretised problems. As the most transparent special case,
we will first of all study the implicit Euler scheme.

6.1. Euler scheme. For a fixed time grid #p < t; < --- < ty which for simplicity of exposition

we choose equidistant t; = iT, T = zzv we replace a time dependent function u : [0,7] — R by a

...

vector u, = (u uN )) of approximations at the time instances. With some time discretisa-

tion D,(n) u; ~u' (), e.g., according to a backward Euler scheme D,("H) = d,("H) where
1
d,(nJrl)Zr — _(u(n+1) . u(n)) , 6.1)

T
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we apply this component wise to the grid version u, = (u’,...,u") of u to obtain an implicit
time discretisation of (5.3)

D" u, + Al = (0,0, Bl ) O (6.2)
and of (5.6)
D" u, + A DD = (0, 0,9 D ul D] )T (6.3)

respectively.
Time discrete counterparts of the function spaces in Section 5 can be defined by setting, for
some Hilbert space Z (of space dependent functions)

N 1/p
lucllzy = (2 X Ju®18) " for 1 < p <o, Juellizzy = max a7,
n=0 ne{0,...,N}
HZTHWT]‘P(Z) = HdlZTTHLﬁ(Z)
that satisfy the 7 independent estimates (using the crude estimate (N + 1)t < 27)
lcllzgy < @D Pllaclliz . uclzsiz) < 16z + T g1

where the latter follows from Holder’s inequality and the inverse triangle inequality

N—1 1/p N—1
stz N2z = (Tl—p Y u+) —”(")H§> > gl/p=1y1/p-1 y ) — ),
T n=0 n=0

N—1
> TP Y (Ju )z = u™]2) = TP ([l |7 — [|u°]|2) -
n=0

Therewith we define, analogously to (5.17) and using the identity %(n) uj_ = ”yi)l

m—1
X, = <L;°(@(%max{km7€,}) ﬂH% (@(dmax{km,ﬁr}))>

x L2( (™l )y 0 12( P (a7 ™ kmkn ) /20y B (9 (a7*m)) 6.4)
x Ly(2(a*) L7 (2(/?))
C L2 (Xo) NLA(X)).
For obtaining energy estimates the inequality
) | D) < L (| )P _ | [P Z Lyeny g2
(D‘ Ur|H )2 2r(}” ‘ ‘” > 54"l ©6.5)

substituting its continuous counterpart (u/(t) ‘u(t)) =

the implicit Euler case D,("H) = d,(”+1) due to

(v=wly) = Sl = ol o=l = S = )

[35, Eqgns. (7.5.9), (7.5.10) p. 197]) but also for certain Runge Kutta methods, see [1, 2].
Energy estimates for (6.3) can be derived analogoulsy to those for (5.6) by testing with

% 7 |u|2(t) will be crucial, which holds in

m—

0,...,0, ) a7 [Cl("Jrl)%’fiu(”*ll)],%kmu%lJrl))T
i=1
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and

respectively, cf. (5.7), (5.14), applying (6.5), substituting (5.12) by

2
%dgnH) ‘ e P2,

T

_ %(( o (P2, (n 1)
T

(d,(”“)yfj o PHO/2[ ) g (r40) 2 (n+1) v<n>)])

+ 1 (v(n+1) ’%(PW)/Z[(dt("+1)gr)£%(P+4)/2v(”)]>

nH)Ef [C(n+1)£{qv(n+1)]> (6.6)

(1) %<p+q>/zv<n+1>> _ ( o (a2, (n)

<) ﬂ<p+q>/zv<n>> )

Il
RS
w/\

n <D§n+1>yr‘ o/ PHO/2 [0 gy (p40) 2,04 1)) g ) MV(HU])

+

(dt("ﬂ)zf _Dl(n+1)yr‘M(pﬂ)/z[C(n+1)d(p+q)/zv(n+1)]>

_ T(dt("“)zf‘ﬂ(erQ)/Z[C(n+1)£f(p+q)/2dt(”+1)zr])

i <v<n+1> ’ P02 ¢ )y %<p+q>/zv<n>)

1
2

(n+1),, (n+1)

Tm 1 = Um

and using D;
2
The term ¢ (df" v [ o/ (70 2[cl ) o7 (202 Dy ) — |Vl 7 0202 Dy s
nonnegative and can therefore be skipped in the estimate.
The additional term containing d,(nH)yT — DEnH)\_/T in (6.6) clearly vanishes in case an im-
plicit Euler discretisation is used; otherwise it can be individually estimated.

Altogether this yields, in place of (5.13), (5.15)

1 n+1 1 < n+1 ] "
Edt( + )’%k’”/zum|21+ El_zldzg + )|\/€i£{(km+£t)/2um_l‘2r+ |1 /b(n+l)%kmu£n+ )|2
< %|g(n+1)[u(n+l)]_|_f(n+l)|2+%| /b(”+_1)£{kmu,gf+')|2
Q| n 1) (n+1 -
ta L @ el ) (141 gt 1)/2, (04D 2 6.7)

_’\/ bn+1) grkmy, "+1

i (6in) 2[4 ) /2, (1 D) [ 41) gty (D

m—1

IO"I>—‘
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1 1) 1) 1
Edn+ |\/—£{k,,,+é yy 1’2 +Z| n+ %ZM)/ f:jl)|2

< l]g(nJrl)[u(nJrl)]_|_f(n+1)‘2 ‘ n+1 ) ot (n+1)‘
C

1 n+1 (n+1 n+1) (n+1)
5@ B | ) ot 0 2D 42D b

. (6.8)

m— m—

| n+1 %g (n+1)|

m l

2
Y o e g 0 ) (e ) )
g, - "

The time integration step between (5.8) and (5.9), i.e., bewteen (5.13), (5.15) and the respec-

tive energy estimates, is replaced by 7 weigthed summation, so that we get, e.g. in place of
JoO L gkl 2y,, (1) dt = | % 2u(to) |* — | 97"/ ?u,,(0) | the identity
)

n()—l 1 2
Y 4+ )‘ P
n=0 —_

T

S g2 0D | g2, ()
K-y

m/2 no

‘Mkm/z )‘

Moreover, we use the following time discrete version of Gronwall’s inequality:

n(") <a +‘CZ b(j)n(j) foralln e {l,...,N}
j=1

:>n()<a —|—T2a exp(be) foralln € {1,...,N}

for n_,a.;, b, > 0, which follows by application of its continuous counterpart (5.19) to the
—T
piecewise constant interpolants of 11 _, a;, b;.
For the linear equation (6.3) we therefore get the following result.

Proposition 6.1. Under conditions (5.2), (5.4), (5.11), (5.21), with cpc small enough, the time
discretised initial value problem (6.3), (5.22) with the implicit Euler scheme (6.1) has a unique
solution u; € X; and this solution satisfies the estimate

_0
Juclix, < (1 x, + 1 l20r))
with C as in Proposition 5.1, in particular C independent of 7.

Proof. A Galerkin discretisation of (6.3), (5.22) with eigenfunctions ¢; of .<7, i.e., an Ansatz

ug.n) (x) =Y., ul ¥ q),( ) after testing with ¢, k € {1,...,I} yields I linear m-n x m-n systems of

equations, one for each set of coefficients (i (n )) jell,...myne(l....N}- (Note that the coefficients

u? g ( 0 } ¢,) are fixed by the initial data.) Due to mutual orthogonality of the eigenfunctions,
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system i; is decoupled from system i, for i; # ip. System i reads as

Dt(nJrl)E _ A(n+1)ui(n+1) 4+ (0’_” ’O,g(n+1)[u(n+1)] +f,~(n))T,

T

071 O ... 0

00 1[I 0 .. (6.9)
with AW =| ) ,

0 —Yv—i Cv(fn)ligv —b(l‘n)lik’"

fi(") = (f(") 7). ugn) = (”Eﬁ)v . 7”1(';)1) and u? = (ugl, e ,ugm), that is, the Galerkin discretisa-
tion simply replaces .7 by A;. Thus also the Galerkin approximation satisfies energy estimates
analogous to those in Proposition 5.1, which implies uniqueness and, via Fredholm’s alter-
native (since we are in finite dimensions now), also existence of a solution to (6.9). These

energy estimates also yield uniform boundedness of the sequence (u; );cn defined by ul”(x) =

{:1 ugn) ¢i(x) in X; and therefore its weak convergence to a limit u, that by linearity can easily
be verified to be a solution to (6.3), to which the energy estimates transfer as well. Uniqueness
again follows from the energy estimates.

%

This allows to transfer the well-posedness result and energy estimates from Theorem 5.1 to
the time discretised equation (6.2) under the following time discretised versions of the condi-
tions (5.26)

[vellx. <R =

(wr’wf € L7 (L(s2, 7)), d[@%’dtﬂrr c L%(L(jfﬂ%))) ‘ (6.10)

Theorem 6.1. Under conditions (5.2), (6.10), (5.27), (5.28), there exists R > 0 (sufficiently
small) such that for any ||uo||x, < g the time discretised initial value problem (6.2), (5.22) with
the Euler scheme (6.1) has a unique solution w, € X; and this solution satisfies the estimate

-0
[ucllx. < Clla|lx,
with C as in Proposition 5. 1.
Verification of (6.10) for the models from Section 2 can be done by using the estimates (with

i=1, k=psfor BCBJK and i =0, k = % for IMGT, Westervelt)

max |1 —a()|l e = Kllvi =)

nef{0,....N}
(") —a(y”) g
Tr;) H T HL(%,%) = KTn;)Hdt ETHLW(Q)

n+1

& () (n+1)
SK(“‘}iiT”L%(L“’(Q))_f—KTZOHdt Vie =Dy ﬁr”L""(Q)>

due to D,("+1) Vi = vl(rlrl), and can therefore be estimated analogously to Section 5.3 in the Euler
case D, = d;.

The time discretised versions of the models from Section 2 read as follows
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¢ BCBJK:
D[(n_l—l)ﬂr _ I,Ul(n_H)
Dl(n-i—l)ﬂr _ Wz(n+1)
n 1 n n n n 6.11
Dz( +1) L = —(ﬁlAll/z (n+1) _B, Az‘lﬁ (n+1) +[3 A% (n+1) [34A21l’(§ +1)  (6.11)
Rl (n+1)
1+ Bsy,
_BS (Wz(n+1))2 _z‘vwl(n—i-l)lz —2Vl[/(gn+l) 'Vl[/2(n+l)>
o JMGT with = ffjg:
Dt(n+1)@1 _ p(1n+1)
D" Vpy_=pytY 6.12)
n 1 n n n n n 2
Dz( +1)&T _ T_l(_(l —ﬁop(() +1))pg +1)+bAp§ +1) —|—c2Ap(() +1)+ﬁo (pg +1)) )
. _ 2B,
e Westervelt with 3y = ek
Dt(n—H)mT :pgn—H)
n b n C2 n n 2 (613)
Dt( +1)ﬂf —HI)AP% +1) +—n+l)Ap(() H)JanH) (pg +1))
1 - Bopy 1 - Bopl 1 - Bop}

Corollary 6.1. There exists R > 0 (sufficiently small) such that for any ||io||x, < g the semidis-
crete PDEs (6.11), (6.12), (with m = 2) (6.13) (with m = 1), (5.22) with (6.1) have unique
solutions u; = (@T, Ulpse-s u_mr) € X and these solutions satisfy the estimate

(0 st syt )l < CllEx,
with
BCBJK: X; = LT (H}(Q)) NL3(HS (Q)) N Hy (HE (Q))
x LT (HZ(Q)) NLI(HE(Q) NH; (H(Q)) x LT (Hy (Q) N L (HE(RQ)),
Xo = H3(Q) x H)(Q) x Hy ().

JMGT: X; = ( 0(Q)) NLY(HE(Q)) N H; (H(R))
L7 (Hy (@) NLI(HZ(Q)) x LT(L*(Q)),
Xo —H<>( ) x Hy(Q) x L*(Q).
Westervelt: X; = LT (H; (Q)) NL3(H; (Q)) N Hy (HZ(Q)) x LT (Hy (Q) NLI(HE(Q)),

Xo = H3(Q) x Hy (Q). o1



396 B. KALTENBACHER, M. THALHAMMER

6.2. Runge-Kutta methods. We consider a stiffly accurate Runge Kutta scheme with s stages

and Butcher tableau % where 2 = (agy)1<pu,v<s € R, ¢, e =(0,..., )T € R, and we

additionally assume

Z agy =1, agy >0, Uregular, B:=diag(a,), €:=BA!
v=1 (6.15)

BA+ATDB — a,al. — AT €117 ¢T 9 positive semidefinite
cf. [1], which allows to conclude the following inequality cf. [1, Lemma 3.4]

X1 —X0
Cexe| 0 |2 -x)

Xs — X0

for all xq,x1,...xs € R. The latter carries over to the Hilbert space .7 in place of R in the sense
that

il(ileuv(uv—uo)‘u“) 2%<|us‘2_|uo‘2> 6.16)
u=1tv=

for all u®,u',...u’ € 7. Note that (6.15) can be verfied under fairly general compatibility

conditions, cf. [1, Theorem 3.1].

Inequality (6.16) is crucial for carrying over the energy estimates from Section 6.1 to the
Runge Kutta discretisation of (5.3), (5.6), which according to [1, equations (1.1), (1.5), (4.1)],
can be written as

Y Cuvdu +AUHUY = (0,---,0,8UF U, (6.17)
v=1

and of (5.6)
Y, Cuvditug+ AU = (0,097 U]+ 1)) (6.18)
v=1

respectively, where in both cases

(n)

HZI,...,S, ll_g (n+l)

=:u
and we use the following abbreviations

n n 1 n
Wt ), ve fwu . £}, du = —u),

with the vector u, = (u®',... u%, ... W™l .
(including the stages beween them).
Analogously to the previous section, cf. (5.7), (5.14) we test with

.., u™*) of approximations at the time instances

0 0. ool ] ol
i=1

and
(0,...,0,a7%n [bﬁf)df’uf,’ﬁl,u],%Z"ufﬂl,u)T’
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respectively, sum up over i and apply (6.16). The identity (6.6) is substituted by an estimate as
follows.
1

~ginth \/EM(PM)/ZV

> qudtv\/_”(z{ p+a)/ ‘Fﬂ P+a)/2,( )

vl arP[cl qvﬁf)]> + Z Z quRu”fl :
I.L: :

where we have used (6.16) in the first inequality and

n+1 <\/>~‘Z{ p+q/2 C( (p+4)/2,,( \/7%1”4 /2, )

_ E( 0] (el dqvgn])
( \/7 Ve o Pr0/2,(0) /) g7 (p+a)/2(,, Mﬁq )/2,,( )
_ l(v(") () [Cﬁ)ﬂqvg)n

<,/ — /! p+q/2 )1/ dp+q/2 >
1 n n n n n
—l—;(vs, ) _ )] g (pta /2 [V )4/ ! );zf(p“’)/zvil)] —dp[cgl)dqv‘(l)D
_ <(dt('3)\/5 o (Pta /2 ﬂprrq /2, )
+ (dz(ﬁ)h d(erq)/Z[CL”) d(erq)/ZV(")] _ d”[c(”) ﬂyqu”)]>

_ r(d,('é)yf‘g/(p” /2[(d Fﬂg pta)/2,( )

Thus with v =u,, | and ¢ = ¢;, p = k;, ¢ = {; (likewise for c = b, p = k;;;, ¢ = ¢, as needed in
(n+l)
, that

the second energy estimate) we get, using Y}, quvd,(v)uf m—l =

< Z (Z%vdzvum 1 ’«ka luﬂﬂ Uy l,u]>

T u=1 =1
(km+2;) /2
Un— Lu

[()%ﬁ (EIMD

2
_dn+l ‘\/_427 (knt0)/2,,

MZ] v; Cuv ((dz('é)ﬁﬁﬂ N
> <£f’<mufﬁ“>\w-kmvz[me»ﬂu,sle#]

_TZ (ka (n+1) ‘%e —kim /2 \/7% (k1) /2, "ol l,u]>

u=1

Altogether we therefore obtain the same results as for the implicit Euler method.

Theorem 6.2. Under conditions (5.2), (6.10), (5.27), (5.28), there exists R > O (sufficiently
small) such that for any ||uo||x, < g the time discretised initial value problem (6.17), (5.22)
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with a stiffly accurate Runge Kutta method satisfying (6.15) has a unique solution u; € X; and
this solution satisfies the estimate
_O
lucl[x. < Clla"]|x,

with C as in Proposition 5.1.
Applying this to the models from Section 2 we get
e BCBJK:

Z Q:uvdzgr\l/)ﬂf = ‘V1(Z)“

v=1

Z CudlY v, = ¥au

(6.19)
s 1
vy = ————(Biavy) — B2 A2 + B Ay, — Ba A’y
z:: tv 1—1—[3 llfl(&( 2.1 Lu 1,u O,u
n)\2 n n n
—Bs (v40) =20V w29y - V).
o JMGT with fy = ifg:
" ¢udWpo = pl"
Z uv tvPO =Piw
Z Cuvdy p1_ = pi)., (6.20)
- 1 () (n) () | 24 (0 (n)\2
g tva E<—(1 —Bopo.y) Pry + AP+ Apgy +Bo () )
2.
e Westervelt with By = pe
i Cuvdy po, = p\")
uvdsy PO =P
v ) 6.21)
n c n 0 n)\2
L €l pr, = ——e A+ gl — ()
v=1 1—Bop 1—Bop —Bop
O,u Ou O.u

Corollary 6.2 (Existence of time-discrete solutions). There exists R > O (sufficiently small but
independent of t) such that for any ||ug||x, < g the semidiscrete PDEs (6.11), (6.12), (6.13)
with initial data (5.22) and a stiffly accurate Runge Kutta method satisfying (6.15) have unique
solutions w; = (uo_, U1, -, Un_) € Xr and these solutions satisfy the estimate

||(@T’ﬂf7 e 7”_"11) ||X1: S CHI/_[OHXO
with X as in (6.14).

For the following convergence result we will consider the piecewise linear interpolants
(n) (n)

vi(t)=v —_
B=w (cyy1—cy)T

+ (t—th—cyT), TE[th+eyT,ty+cyr1T)
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of grid functions y,.

Corollary 6.3 (Convergence). Let R be chosen as in Corollary 6.2, assume ||iio||x, < %, and

denote by " the piecewise linear interpolant of the solution u, = (uo ..,u_mr) € X: of
one of the semidiscrete first order systems (6.11), (6.12), (6.13), with mltlal data (5.22) and
a stiffly accurate Runge Kutta method satisfying (6.15). Then the family of these interpolants
(“T)re(o,%) converges weakly* in X to the solution of the first order reformulation of the respec-
tive nonlinear initial value problem (2.3), (2.2), (2.1), with initial data (5.22) as T tends to zero,
that is,

* .
' —uinXast—0.

In particular, u® converges strongly to u in any space that is compactly embedded into X.

Proof. According to Corollary 6.2, the family of interpolants (“T)re(o,f) is uniformly bounded
in X as defined in (5.17). Therefore, there exist a weakly* convergent subsequence, which we
denote by (u¥)en.

The fact that any weakly* convergent subsequence (u*),c tends to the unique solution u can
be seen by considering, for arbitrary ¢ € C5(Q), 0 € C5(0,7) and j € {0,...,m} the integrals

Lk N = // (0 — ) (3,0) + (A5 (0) () (5,1)) 9(x) (1) e,

where .Z; and .4} are the linear and nonlinear parts of the differential operators acting on the
respective component (note that in case of BCBJK the linear part also contains a term in ).
It is straigthforward to see that L’]‘- — 0 as k — oo due to the weak convergence u* = u in X.
For the nonlinear parts N}‘ we note that they vanish for j € {0,...,m — 1} and that N¥ must
be considered for the particular PDEs separately. We do so explicitely only for the Westervelt
equation, where we have

2
B3 () Bo i +ur)
= Bord) (1 —Bow) + = Bouo) that are uniformly (with respect to

k) bounded in L=(0,T;L?(Q)) due to nondegeneracy and boundedness of both the continuous
and the discrete solution, we have

/ / 1) (b (x,1) — o (x,1)) 6 (x) 0.() dxdr

< Ha) HL"“(O,T;LZ(Q)HMO_MOHLZ(O,T;LZ(Q)HQ)HL""(Q)”GHLZ(O,T) — Oask — oo

Hence with the functions @* =

due to compactness of the embedding H' (0, T;H<2> (Q)) — L*(0,T,L*(Q)). Similarly in princi-
ple, but with more involved computations, convergence to zero of the nonlinear terms can also
be shown for JIMGT and BCBJK. We point to [17, 21] and the fact that the same differences of
nonlinear terms have to be tackled when studying convergence as one of the physical parame-
ters in the PDE tends to zero. These estimates can be directly used here, since we have the same
or higher regularity for BCBJK and JMGT, see Remark 5.2.

A subsequence-subsequence argument together with uniqueness of solutions to the respective
limiting (time continuous) equations yields the assertion. U
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