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Mixed boundary valued problem for linear and
nonlinear wave equations in domains with fractal
boundaries

Adrien Dekkers* Anna Rozanova-Pierrat! Alexander Teplyatevi

Abstract

The weak well-posedness, with the mixed boundary conditions, of the strongly damped
linear wave equation and of the non linear Westervelt equation is proved in the largest
natural class of Sobolev admissible non-smooth domains. In the framework of uniform
domains in R? or R? we also validate the approximation of the solution of the Wester-
velt equation on a fractal domain by the solutions on the prefractals using the Mosco
convergence of the corresponding variational forms.

Keywords: Fractals; Wave equation; Westervelt equation; Quasilinear second-order
hyperbolic equations; Mosco convergence.

1 Introduction

We study the question of weak well-posedness of wave equations, such as the strongly
damped wave equation and the non-linear Westervelt equation, in the largest possible class of
bounded domains with the mixed boundary conditions. This class of domains contains irreg-
ular case of boundaries including fractals. The regularity of the solutions of these equations
on regular domains, typically with a C? boundary, is well known. In addition, the solutions
become more regular up to the boundary if the initial data are more regular. We can cite
Evans [17] for the linear wave equation and Refs. [32-35,44] and the references therein for the
strongly damped wave equation and the Westervelt equation with the Dirichlet boundary
conditions. The question is whether on less regular domains we can have a weak solution
which is continuous or C! up to the boundary. The examples of Arendt and Elst [3] show
that problems appear in the definition of the trace as soon as the boundary is not C'*. More-
over, if on a domain with a C' or Lipschitz boundary we define an incoming normal vector
almost everywhere, even more complicated question about the Neumann or Robin boundary
conditions can be raised. When equations similar to the Westervelt equation are considered
on regular domains with C? boundary, Refs. [32-35,11], as a consequence of the fact that the
spatial derivative are at most of order 2, these derivatives can be defined naturally on the
boundary. The same approach is obviously impossible for any less regular boundary case. In
the past, mathematics has been concerned largely with regular domains. Initially, domains
with fractal boundaries, such as for example the von Koch snowflake, were mainly been con-
sidered as "pathological" and used only to produce counterexamples. However, there has
been a change of attitude as mathematicians and physicists have discovered that such von

Koch-like structures appear in nature as in the famous example [42] of the coast of Britain.
There are many other appearances of fractal domains in mathematics and physics, including
the following papers most relevant to our work: [6, 10,11, 18,20,22,25,26,39,51,52,56]. To
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be able to solve mixed boundary valued problems of partial differential equations (here the
strongly damped wave equation and the non-linear Westervelt equation) in domains with
non smooth or fractal boundaries it is important to describe a functional framework in which
it is possible to consider the weak-well posedness of elliptic equations, in particular of the
simplest one, the Poisson equation:

—Au = fin Q,
u=0onIpq,

94 =0 on I'yq,

g’—z +au=0o0nTIgrgq,

(1)

with 0Q =T'p qUI'ny o UTR q. The results of Jones [27] on d—sets and domains admitting
WkP extensions allow to say that, in dimension 2, (¢,d)-domains are the most general
domains on which we can define traces and extensions of the Sobolev spaces and then solve
the Poisson problem. But it is not the case in R? and in higher dimensions. By this reason,
thanks to optimal Sobolev extension results in R™ for p > 1 found by Hajtas, Koskela and
Tuominen [23], Arfi and Rozanova-Pierrat introduced in Ref. [1] a new type of domains with
a possibly non-smooth boundary described by a d-set called the admissible domains. The
idea is to work in the class of domains, optimal by the Sobolev extension, and for which the
it is possible to define a surjective and continuous trace operator on the boundary, especially
from W1P(Q) with p > 1.

Here we improve this concept (see Ref. [50] for more detailed discussion) modifying the
definition of the image of the trace operator following [28]. It allows us to consider not only
d-set boundaries as in Ref. [1], but also boundaries consisting of different dimensional parts
and which do not have a fixed dimension [29]. As in review [50] we call this class of domains
the Sobolev admissible domains.

The most common examples of Sobolev admissible domains are domains with regular or
Lipschitz boundaries, with a d-set boundaries such as von Koch fractals or with a “mixed”
boundary presented for instance by a three-dimensional cylindrical domain constructed on a
base of a two-dimensional domain with a d-set boundary as considered for the Koch snowflake
base in [13,38].

These types of domains include the (¢, d)-domains and are more general, as they are
the largest class of domains on which we can define traces and extensions to the Sobolev
spaces for @ C R™ with n > 2, and then find a weak solution to the Poisson problem
depending uniquely and continuously of the initial data. As a consequence we will work
mainly on Sobolev admissible domains and summarize in Section 2 the known results for
these domains.

Another important question is whether the solutions of the Poisson problem (1) belong
to C(Q) N L*°(Q2) with an estimate of the form:

[ull () < Cllfllze0)-

We show this result for (e, §)-domain and the Sobolev admissible domains generalizing [14].
This estimates are a key point to show that the solutions of our wave type models are in
C(Q2) N L*°(Q2) but also to treat the nonlinear term in the Westervelt equation. We make
attention on the fact that even for a Lipschitz boundary, if the domain is not convex, the
weak solution of the Poisson equation never belongs to H?(f2), but only to H'(f2), what
restricts a lot the study of the Westervelt equation. To handle this problem we start to
study its linear part, the strongly damping wave equation. Thus Section 4 is dedicated to
the strongly damped wave equation and to the well-posedness of this equation in a weak
sense for mixed boundary conditions using the Galerkin method as in Evans [17]. A key point
is the Poincaré inequality which we update for our case in Subsection 2.4. To obtain more
regular solutions, we work in a subspace of H!(f2) defined by the domain of the Laplacian in
the sense of L? or LP. In particular, it means that in the absence of H2-regularity of a weak
solution w from H'! it is possible to ensure that Au € L? or LP. This additional information



is crucial to be able to treat in Section 5 the weak well-posedness of the Westervelt equation
with mixed boundary conditions on Sobolev admissible domains of R? or R3. The control
of the nonlinearity of a quadratic type does not allow to consider dimensions with n > 4.
The method of the proof consists in the application of an abstract theorem of Sukhinin [54]
as soon as it is possible to define an isomorphism between the space of the source term and
the space of weak solutions of the linear problem. See also Ref. [16] for a similar application
of Ref. [54], but in the framework of the strong well-posedness of the Cauchy problem for
the Kuznetsov equation.

In Section 6 we consider the question of the approximation of the weak solution of the
Westervelt equation on a domain €2 with a fractal boundary by a sequence of weak solutions
on the domains €2, with polyhedral boundaries converging to the fractal boundary in the
limit.

Working in the class of (g,00) or uniform domains in R™, we start in sub-Section 6.1
by defining the conditions on 2 and €, so that they are all (¢, c0)-domains with a fixed ¢
independent on m. In particular it is the case of €2 with a self-similar fractal boundary and
a polyhedral approximation (2, satisfying a strong open set condition (see Assumption 2
and Theorem 20). This property to be (g,00) domain with the same ¢ is crucial to have
the extension operators from €, to R” with norms independent on m (see sub-Section 6.2
and also [10, Thm 3.4]), what is important to be able to pass to the limit for m — +oo
in the Mosco convergence of the functionals corresponding to the weak formulations of
the Westervelt mixed problem (see Subsection 6.3). In this way Theorem 20 ensures for
a fixed self-similar boundary of a domain in R™ the existence of a polyhedral boundary
sequence of domains with the same ¢ as € itself. This generalize the known two dimensional
approximation results for von Koch mixtures (for the definition see Appendix B) of Refs. [10,

|. Thus, we introduce the trace and extension properties for the fixed Q and (,,)men-
defined in Subsection 6.1. In Subsection 6.3 we establish the Mosco convergence for the
functionals coming from the variational formulation for the Westervelt equation, which once
again due to the nonlinear terms holds only in R? or R?. But the Mosco convergence of the
linear part holds in R™ for all n > 2. Finally we finish by prove that the weak solutions u,,
on the prefractal approximate domains 2, converge weakly to the weak solution u on the
fractal domain (see Theorem 25), a method often use in the case of shape optimization [11].
We notice that since our proof does not require any monotone assumption on 2, our
approximation result works in particular for so called Minkowski fractal domain [18,51,52],
and their 3-dimensional analog.

To summarize, the rest of the paper is organized as follows. Section 2 introduces the gen-
eral functional framework of Sobolev admissible domains on which we update the Poincaré
inequality (see sub-Section 2.4). In Section 3, noticing the well-posedness of the Poisson
mixed problem and the properties of its spectral problem on the Sobolev admissible do-
mains, we introduce the domain of the Laplacian in the sense of L? and of LP and generalize
Daners’ estimate for the Sobolev admissible domains (the proof is given for the completeness
in Appendix A). In Section 4 we consider the weak well-posedness firstly of the mixed initial
boundary valued problem for the strongly damped linear wave equation (sub-Section 4.1)
and then of the Westervelt equation (sub-Section 5) both in the L? and L? frameworks on
the Sobolev admissible domains. In Section 6 we consider the approximation of the fractal
problem for the Westervelt equation by prefractal problems with Lipschitz boundaries. In
sub-Section 6.1 we define the conditions on  and 2, in R™ such that they are all (g, 00)-
domains with a fixed € independing on m. In sub-Section 6.2 we give the main trace and
extension theorems with uniform on m estimates allowing to pass to the limit. In sub-
Section 6.3 we give the Mosco convergence result (Theorem 24) and the weak convergence
of the prefractal weak solutions of the Westervelt equation to the fractal one for domains
in R? or R? (Theorem 25). The example of a fractal boundary given by Koch mixtures is
detailed in Appendix B.



2 Functional analysis framework and notations

2.1 Sobolev extension domains

Let us start to define the Sobolev extension domains:

Definition 1 (W*P-extension domains). A domain Q@ C R"™ is called a W*P-extension do-
main (k € N*) if there exists a bounded linear extension operator E : WEP(Q) — WP (R").
This means that for all u € WkP(Q) there exists a v = Eu € W*P(R™) with v|q = u and it
holds

lvllwr.e@ny < Cllullwre) with a constant C > 0.

It is known [27] that the results of Calderon and Stein [9,53] about Sobolev extension
domains for domains with Lipschitz boundaries can be improved by the class of (g,4)-
domains, or locally uniform domains, which in the bounded case are simply called uniform
domains [24].

Definition 2 ((g, §)-domain [27]). An open connected subset Q@ of R™ is an (e, d)-domain,
e>0,0<d < oo, if whenever (z,y) € Q2 and |z — y| < 3, there is a rectifiable arc v C
with length £(vy) joining x toy and satisfying

The (g, §)-domains give the optimal class of Sobolev extension domains in R? (see [27]
Theorem 3), but not in R3, where there exist Sobolev extension domains which are not (g, §)-
domains. Recently, this question was solved in terms of n-sets by [23] for W¥P-extension
domains with 1 < p < oo and k € N for domains in R™. To be able to use it as in [1] we
need to introduce the notion of d-sets:

Definition 3 (Ahlfors d-regular set or d-set [30,31,55,57]). Let F be a Borel non-empty
subset of R™. The set F is is called a d-set (0 < d < n) if there exists a d-measure p on F,
i.e. a positive Borel measure with support F (suppu = F) such that there exist constants
c1, ca >0,

clrdgu(FﬂBr(x))§02rd, for VozeF, 0<r <1,

where By(x) C R™ denotes the Euclidean ball centered at x and of radius r.

As [30, Prop. 1, p 30] all d-measures on a fixed d-set F' are equivalent, it is also possible
to define a d-set by the d-dimensional Hausdorff measure mg, which in particular implies
that F has Hausdorff dimension d in the neighborhood of each point of F' [30, p.33]. The
definition (3) includes the case d = n, i.e. n-sets. In R™ Lipschitz domains and domains with
more regular boundaries are n—sets and their boundaries are (n — 1)—sets. Using [30,57],
the (e,0) domains in R™ are n—sets:

Je>0 VreQ, Vre0,6N)0,1] MB.(x)NQ) > CAXB.(z)) =cr™,

where A(A) denotes the n-dimensional Lebesgue measure of a set A. This property is also
called the measure density condition [23]. Let us notice that an n-set { cannot be “thin”
close to its boundary 9. At the same time [57], if Q is an (g, d)-domain and 02 is a d-set
(d < n), then @ = QU N is an n-set. A typical example of a d-set boundary it is the
self-similar fractals as the von Koch fractals.

In what follows we will use one of main results of [23]:

Theorem 1 (Sobolev extension [23]). For 1 < p < oo, k =1,2,... a domain & C R" is a
W)-extension domain if and only if Q is an n-set and WFP(Q) = C¥(Q) (in the sense of
equivalent norms).



In Theorem 1 the spaces C]’;(Q), 1 < p< 4oo, k=1,2,... are the spaces of fractional
sharp maximal functions,

Cy(Q) = {f € L()|
. 1

P o(z)=supr* inf 7/ — P|dy € LP(Q2
fk,Q( ) T>IS pepk-1 A(BT(ZL'» Br(z)ﬂﬂ|f | Y ( )}

with the norm ||f||c;;(§z) = || fllLec) + ||f£79||Lp(Q) and with the notation P*~! for the space
of polynomials on R™ of degree less or equal k — 1.
From [27] and [23] we directly have [4]

Corollary 1. Let Q be a bounded finitely connected domain in R? and 1 < p < oo, k € N*.
The domain Q is a 2-set with WF(Q) = CF(Q) (with norms’ equivalence) if and only if Q is
an (g,0)-domain and its boundary 9 consists of a finite number of points and quasi-circles.

2.2 Trace operator

Once we know the optimal class of the Sobolev extension domains, we need to define the
trace operator on the boundaries of these domains:

Definition 4 (Trace [30]). For an arbitrary open set Q of R™ the trace operator Tr is defined
forue Li, (Q) by
1

Tru(e) = I X0 B, @) /mm uly) dA.

The trace operator Tr is considered for all x € Q for which the limit exists.

By [30,57] it is known (see also [4,50]) that, if 9§ is a d-set with a positive Borel d-
measure p with supp p = 9€2, the limit in Definition 4 exists u-a.e. for x € 0. In addition it
is possible to define the trace operator as a linear continuous operator from a Sobolev space
on {2 to a Besov space on 02 which is its image, i.e. there exists the right inverse extension
Eyq—,q operator and Tr(Esqou) = u € Im(Tr). We don’t give more details for the trace
on a d-set, since we are interesting here in a generalization of these results for measures u
with a support on 92 which are not necessary d-dimensional.

More precisely, in what follows we consider a Borel measure p on R™ with supppu = F
and say as in [28, Section 1] that u satisfies the Ds-condition for an exponent 0 < s < n if
there is a constant ¢, > 0 such that

wW(Bpr(2)) < csk’u(Br(x)), xz€F, r>0, k>1, 0<kr<L (2)

In addition, we say that u satisfies the Lg-condition for an exponent 0 < d < n if for some
constant ¢ > 0 it holds

w(Br(x)) > cgk?u(By(z)), z€F, r>0, k>1, 0<kr<l1. (3)
We also introduce so called the normalization condition
a1 S u(Bi(z)) <2, zEF, (4)

where ¢; > 0 and ¢; > 0 are constants independent of x.
Combining (2) and (4) one can find a constant ¢ > 0 such that

u(Bo(x) >cr®, weF, 0<r<l, (5)

what implies dimy F' < s, where dimyg F' denotes the Hausdorff dimension of F. Similarly
(3) and (4) yield a constant ¢/ > 0 such that

w(By(z)) <drl, zeF, 0<r<l, (6)



hence dimpy F > d. Moreover, (2) implies the doubling condition
W(Ban(@)) < cp(Bo(x)), w€F, 0<r<1/2,

where ¢ > 0 is a situable constant, [28, Section 1].

If a Borel measure p with support F satisfies (5) and (6) with s = d for some 0 < d < n,
then, according to Definition 3, i is a d-measure and F' is a d-set. The same fact follows for
a measure p satisfying (2), (3) and (4) with d = s. Otherwise, we consider measures, which
by (5) and (6) satisfy for some constants ¢ >0 and ¢ > 0

cr® <u(By(z)) <drl, zeF, 0<r<l. (7)

For this general measure p supported on a closed subset F' C R" it is possible thanks
to [28] to define the corresponding Lebesgue spaces LP(F, ) and Besov spaces By”(F, )
on closed subsets F' C R™ in a such way that we have the following theorem [50]

Theorem 2. Let0<d<n,d<s<n,s>0,1<p<+oo,

n—d n—s

<B<1+ , (8)
p

and let F C R™ be a closed set which is the support of a Borel measure p satisfying (2), (3)

and (4).
Then, considering the Besov space Bg’p(F, w) on F, defined as the space of u-classes of
real-valued functions f on F such that the norm

HfHBg'p(F,u) =

o 1/p
v(B—2) If(z) = fy)? .
170z, e * (2_;2 [ o i By e )>

is finite, the following statements hold:

1 I'r 1S a conttnuous linear opem or Jjrom ’ onto ’ B an
) Trp @ ti li t Whp(R™ to By*(F d

1T FlLpo ey < e | fllwsogen - £ € WHPERR, (9)
with a constant cg > 0 depending only on 3, s, d, n, cs, cq c1 and ca.

(it) There is a continuous linear evtension operator Er : BLP(F) — WHP(R™) such that
TI'F(EFf) = f fO’f’ f S Bg’p(F)

Theorem 2 is a particular case of [28, Theorem 1].

The spaces Bg’p (F, u) are Banach spaces, while BE’Q(F , ) are Hilbert spaces, and their
corresponding scalar product is denoted by (-, -) B2 (Fyu)-

A priori the definition of Bg’p (F, 1) depends on both F and p. However, it was shown in
[28, Section 3.5] that for two different measures p1 and uo satisfying hypotheses of Theorem 2
and with common support F, if f € B*(F, u2), then f can be altered on a set with fs-
measure zero, in such a way that f becomes a function in Bg’p (F, u1). In other words, also

by Theorem 2, the spaces BE’Q(F, p1) and Bg’p(F, p2) are equivalent. Thus, we simplify the
notations and instead of BY*(F, ) simply write By" (F).

Example 3. Let us notice [25] that if F is a d-set with 0 < d < n as defined in Definition 3,
then pu = my satisfies (2), (3) and (4) and hence it is possible to apply Theorem 2. The
restriction on 3 in Theorem 2 becomes 0 < o < 1 with o = 3 — %1. Consequently, the
space By (F) is equivalent to the Besov space BYP(F) with 0 < a <1 (see [70] and [50]).
The definition of the Besov space BEP(F) on a closed d-set F' can be found, for instance, in

Ref. [30] p.135.



Example 4. For d = n — 1, the trace space of H', as it also mentioned in [0], is given by
the Besov space with o = % and also B =1 by Theorem 2 which coincide with Hz:

BY?(F) = BY*(F) = H% (F)

2

as usual in the case of the classical results [0, /3] for Lipschitz boundaries Q) = F.

Example 5. If we apply Theorem 2 for H*(R™) we obtain the image of the trace equal to
the Hilbert space By (F) with the restrictions

n>s>d>n—22>0.

By the last example we see that in the case of W1 (i.e. the Sobolev space with k = 1)
and thus in particular in the case of H', it is formally possible to consider d sets with
n —2 < d < n, but there are no sense or simply impossible to consider a boundary of a
bounded domain of dimension n — 2 < d < n — 1. Hence, in what follows in the case when
F' is a boundary of a domain we consider only the non degenerate case with d > n —1 > 0.

2.3 Sobolev admissible domains

Using the framework of [1] we follow [50] for taking in the consideration more general bound-
aries and define

Definition 5 (Sobolev admissible domain). Let 1 < p < oo and k € N* be fized. A domain
Q C R™ is called a Sobolev admissible domain if it is an n-set, such that W;(Q) = C]’;(Q)
as sets with equivalent norms (hence, 2 is a W]f—extension domain), with a closed boundary
0 which is the support of a Borel measure p satisfying the conditions of Theorem 2 with
O<n—-1<d<s<n.

Example 6. An example of a Sobolev admissible domain could be a bounded domain of R™
with a boundary 0 equal to a finite disjoint union of parts I'; which are d;-sets respectively

forn—1<4d; <n (j =1,...,m). For instance it is the case of a three-dimensional
cylindrical domain constructed on a base of two-dimensional domain with a d-set boundary
as considered for the Koch snowflake base in [17, 55].

We summarize now useful in what follows results (initially developed in the framework
of d-set boundaries in [1]) on Sobolev admissible domains starting by the following trace
theorem

Theorem 7 (Traces and extensions). Let  be a Sobolev admissible domain in R", 1 <
p < 400, k € N* be fized and B defined in (8). Then the following trace operators (see
Definition 4)

1. Tr: WPP(R™) — BEP(99),
2. Trq : WEP(R?) — WkP(Q),
8. Troq : Wl’p(Q) — Bf’p(aQ)

are linear continuous and surjective with linear bounded right inverse, i.e. extension, oper-
ators E: BRP(0Q) — WHPR™), Eq : WFP(Q) — WEP(R™), Epq : BY'P(0Q) — WHP(Q).

Proof. 1t is a direct corollary of Theorems 1 and 2, noticing that, since d > n — 1, the
interval of suitable /3, given by ]%l, 1+ 2=2[, includes as a subset ]%, 1] for all p > 1, and
in addition the limit regularity for S can be estimated by

_ 1
lc14+2=% <142 <0
P P



It is also important to be able to integrate by parts:

Proposition 1 (Green formula). [/, 57, 50] Let Q@ be a Sobolev admissible domain in R™
(n >2). Then for all u, v € H* () with Au € L?(2) it holds the Green formula

ou
(=—,Trv), g2z ) 2.2 = / vAudz + | VuVo dz,
on ((B17(99))",B1"" (09)) o o

where (B32(89Q)) is the dual space of B*(0%).

In what follows we also use the generalization of Rellich-Kondrachov theorem on Sobolev
extension domains [4]:

Theorem 8 (Sobolev’s embeddings). Let @ C R™ be an n—set with WHP(Q) = CF(Q),
1< p<+o0, k,l € N*. Then there hold the following compact embeddings

1. WEHLP(Q) cc Whr(Q),
2. Wkp(Q) cc LY

loc

(Q), or WEkP(Q) CcC L4(Q) if Q is bounded,

with ¢ € [1,4o0[ if kp = n, q € [1,400] if kp > n, and with q € {1, nf’;p[ if kp < n.

Moreover if kp < n we have the continuous embedding
WHhP(Q) < L7 (Q).
In particular it holds [4,50]

Proposition 2. Let Q be a bounded Sobolev admissible domain in R™ with a compact bound-
ary 0. Then

1. HY(Q) cc L3 (Q);

2. Tr: HY Q) — L?(09) is compact;

1
2

3. ull g (o) is equivalent to |[ulm = ([, [Vul*dz + [, [Trul?dpu)

2.4 Poincaré inequality

As it is known that the boundary regularity does not important to have the Poincaré in-
equality in WO1 "P(Q) spaces, it also holds on bounded (at least in one direction) Sobolev
admissible domains:

Theorem 9 (Poincaré inequality). Let Q@ C R™ with n > 2 be a bounded (at least in one
direction) Sobolev admissible domain. For all u € Wy P(Q) with 1 < p < +oo, there eists
C > 0 depending only on 2, p and n such that

HUHLP(Q) < CHVUHLP(Q).

Therefore the semi-norm H.||W01,p(9), defined by HUHW&,p(Q) = [|VullLr(), s a norm which

is equivalent to ||.||w1.pq) on Wy P ().
Moreover, if Q is bounded, for all u € WP (Q) there exists C > 0 depending only on €,

p and n such that
w7
U——— [ udA
5w,

Proof. The result for u € W, "*(€2) comes from the boundness of Q. The result for u €
WLP(Q) comes from the compactness of the embedding WP(2) cC LP(Q) from Theorem 8
and following for instance the proof in Ref. [17] (see section 5.8.1 Theorem 1). O

< C[|VullLr(a)-
Lr(Q)




T ™

Figure 1: Illustration for two possible cases treated in Theorem 10. The case a) corresponds
to the case I' =T C 90 N ON* and the case b) to the case when I" and I'* are the same the
starting and the ending points. Each time € is the dots-filled area.

We introduce the space Vi () for a domain 2 with a non trivial part of boundary I" C 99
(i.e. Ap—1(T7) > 0):
Vr(Q) == {u € H'(Q)| Trru = 0}. (10)

Let us give two results on the Poincaré’s inequality on (g, §)-domain which we use in
Section 6.

Theorem 10. Let Q@ C Q* C R™ be two bounded (g,0)-domains (uniform domains) such
that either
F=T"CcoQnao* with A,—1(T) >0,

or

T coQ, TI*cCoQ with T =or*

and TUT™ defines the boundary of an open bounded set V. (OV =T UT*) which V. .C Q*\ Q
(see Fig. 1). Then it holds the Poincaré inequality for all u € Vr(Q)

lullz20) < CllVullL2(q)
with C' depending only on &, § and the constant of the Poincaré inequality on V- (2*).

Proof. By Theorem 9 the Poincaré inequality holds on V(). Let us consider the following
space
uweW(Q) :={ueD Q)] ||Vullp2q) < +oo}.

If w € Vp(Q) then obviously v € W(Q). In addition, according to Ref. [27] (see also
Refs. [5,49]) W () admits a linear continuous extension to W (R™), denoted by A, whose
norm only depends of ¢, § and of n:

||VAU||L2(]Rn) < C(E, (S, n)| ||V’u||L2(Q)
and, as a consequence,
[VAulo-|r2(0+) < C(e, 6, n)[[[VullL2(q)-

Let us start to consider the first case corresponding to the point a) on Figure 1. By the
definition of the extension Au = u on (2, so

TT‘FA’LL

o+ = Trru = 0.

Thus we can consider Au|o- € V(Q2*) and by the Poincaré inequality on Vi (©2*) we have

||AU|Q* ||L2(Q*) S C(Q*)HVAU Q*||L2(Q*)-



To conclude we just notice that, as £ and Q* are bounded, it holds
[ullL2@) < [ Aulox[|L2(0x)-

In the case b) of Figure 1 we take v defined on Q* such that

Vg7 = Aulgay  and  vlyur = 0.

Then v € Vr«(Q2*) and
Vol L2 < Cle, 0,n)][|Vull L2(q).
By the Poincaré inequality on Vp«(Q*) we have

[0l 2@y < C)[VollL2(0r)

and as
lullL2(0) < lvllL2@x),

this finishes the proof. O

3 Remarks on the Poisson equation with the mixed bound-
ary conditions

We start now to apply the introduced framework of Sobolev admissible domains for the
mixed boundary valued problem for the Poisson equation. These preliminary discussion is
crucial for the properties of the waves problems constructed on it.

Let Q be a bounded Sobolev admissible domain in R™. In all the sequel of this article
we suppose that its boundary 092 = I'p UT'y U T'g is a disjoint union of three types of
boundaries (corresponding to the Dirichlet, the Neumann and the Robin boundary condi-
tions respectively) with the non degenerate part I'p: m,—1(I'p) > 0, where m,_; is the
n — 1 dimensional Hausdorff mesure. We denote by V() the Hilbert subspace of H(f2) (in
Subsection 2.4 it corresponds to Vi, (2), but here we simplify the notation)

V(Q) = {ue H' (Q) Trulr, =0} (11)

endowed with the following norm
e = [ 1VuP dota [ [TronuPd (12
Q T'r

associated to the inner product

(u,v)v () = / Vu Vv dx + a/ Traoau Traqudp.
Q r

R

Thanks to Proposition 2 the norm ||.[|y(q) is equivalent to the usual norm ||.|| g1 (o) on V(Q).
On Q we consider the mixed boundary problem for the Poisson equation with a fixed
a>0

—Au = fin Q,
u=0onTIp,
[%u:O on I'y, (13)
U+ au = OonI'g
in the following weak sense:
Yo e V(Q) (w,v)v) = (f,v)r2(0)- (14)

10



Then (see for more details [1]) for all f € L?(2) and a > 0 the Poisson problem (13) has
a unique weak solution u € V(). Furthermore, the mapping f — wu is a compact linear
operator from L?(Q2) to V(Q) with the estimate

lullvey < CE|fllr20)-

Thanks to the compactness by Proposition 2 of the trace Tr : V(Q) — L?(99) and of the
inclusion V() — L?(Q2) and by the assumption that a > 0 is real (thus —A is auto-adjoint
positive operator), we have the usual properties of the spectral problem associated with (13):

Theorem 11 (Spectral Poisson mixed problem). Let  be a bounded Sobolev admissible
domain in R™ (n > 2) and a > 0. Let A € C be an eigenvalue of the Poisson problem (13)
associated to the eigenfunction u, which is a weak solution of the following variational for-
mulation

Troqu Troqudy = / Auv. (15)
Q

Yo e V(Q) / VuVov + a/
Q r

Then there exists a countable number of strictly positive eigenvalues of finite multiplicity,
which can be ordered in a sequence

R

D<M < <A< A <..., A — 400 when k — 40
and the corresponding eigenfunctions (wk)xen C V() form an orthonormal basis of L?(12).

Remark 1. It is important to work in the class of Sobolev admissible domains to ensure
the compactness of the embedding of V(Q) into L*(Q). But in the case 9 = T'p it is
possible to consider arbitrary domains, since Hg(2) — L?(Q) is compact independently on
the regularity of 0S2.

As Q is a bounded domain, we have LP(Q) — L?(Q) if p > 2, and consequently it is also
possible to take f € LP(£2) and consider the weak solutions in V() in the sense of (14).
Therefore, there is the following generalization of the domain of the Laplacian in the LP
framework:

Definition 6 (Laplacian domain in LP). Let Q be a Sobolev admissible domain and p > 2.
We define

—A:D(-A) CV(Q) — LP(Q)
ur— —Au
with the domain
D(-A)={ueV(Q)| —Au e LP(Q), i.e. If € LP(Q) such that it holds (14)}.
Then the operator —A is linear self-adjoint and coercive in the sense that
Vu € D(=A)  (—=Au,u) ) = (v, u)v(q),
and we use the notation |u|p—a)y = [|Aul|Lrq) for u € D(-A).

The LP-framework for the Poisson problem (13) is in particular important for the study
of the continuity of its solution [14]. We directly update the result from Ref. [14] for the
Sobolev admissible domains with an (n — 1)—set boundary:

Theorem 12. Let p > n, a > 0 and Q be a Sobolev admissible domain in R™ (n =2 or 3)
with an (n — 1)—set boundary 0. Let u be the unique solution of the Poisson problem (13)
for f € LP(Q). Then

1
e < Cmax (1.5 ) I s

11



Moreover, for all Sobolev admissible domains we improve Theorem 12 using the following
result:

Proposition 3. Let Q be a Sobolev admissible domain in R™ (n = 2 or 3), then for all
u € V(Q) the following estimate holds

llull o) < ClIVull L2y, (16)

where C' > 0 is a constant depending only on Q. In addition, if 2 is an (e, d)—domain, then
C > 0 depends only on €, 0, n and the constant in the Poincaré inequality on V().

Proof. If Q is a Sobolev admissible domain, then by Theorem 8, as n = 2 or 3, we have by
the Sobolev embedding for u € V()

[ull o) < Cllullri (o)
and by the Poincaré inequality on V()
[ull g @) < CE)[[VullL2().-

Now let us now treat the case when 2 is a (g,d)—domain. According to Ref. [27], as
Q is an (g, 6)-domain, we have a continuous extension operator Eq : H'(Q) — H(R"),
whose norm depends only on €, § and on n. As n =2 or 3 we have the continuous Sobolev
embedding H'(R") — L5(R"), whose norm only depends on n. Considering the continuous
restriction (of norm equal to 1) L(R™) < L5(€2), we finally have the estimate

llull o) < Cllull g o)

where C' depends only on €, § and on n. But v € V(£2), so the application of the Poincaré
inequality allows to conclude. O

Thus we prove the general case

Theorem 13. Let Q be a Sobolev admissible domain in R™ (n =2 or3), a >0, f € L*(2)
and u € V() be the weak solution of (13) in the sense of the variational formulation 14.
Then it holds the estimate

llull L) < Cllfllz2),
where the constant C > 0 depends only on Q. If in addition Q is an (g,5)—domain, then

the constant C' depends only on €, §, n and on the constant from the Poincaré inequality on
V(2), but not on a.

The proof is a simplified variant of the proof of Theorem 4.1 of Ref. [14]. It is given for
the completeness of the article in Appendix A.

4 Well posedness of the damped linear wave equation

4.1 Well posedness and L? regularity

In this subsection we suppose that € is a Sobolev admissible domain in R™ on which we
consider the following linear strongly damped wave equation in the previous framework of
mixed boundary conditions:

Uy — 2Au — vAu, = f on 0, +00[x€,

u=0onTp x [0,400],

Zu=0onTy x[0,+00], (17)
Fau4au=0onI'p x [0, +o0],

w(0) = up, we(0) =wuq in Q.

We are looking for weak solutions of system (17) in the following sense:

12



Definition 7. For f € L2([0, +oc[; L?(2)), ug € V(Q2), and u1 € L?(S2), where V (S2) defined
in (10), we say that a function u € L*([0,+oo[; V(Q)) with dyu € L*([0,4+oc[; V(Q)) and
0?u € L*([0, +oo[; H=1(Q) is a weak solution of problem (17) if for allv € L2([0,+o0[; V(Q2))

+oo +oo
/ (uee, V) (-1(0),v (@) + (U 0)v(a) + v(ug, v)y@)ds = / (f,v)r2ds,  (18)
0 0
with u(0) = up and u(0) = uy.

To prove the existence and uniqueness of a such weak solution we use the Galerkin
method and follow [17, p. 379-387] using the fact that the Poincaré inequality stay true
on V(). To perform the Galerkin method we select functions wy = wg(x), k¥ € N* as the
normalized eigenfunctions of the operator —A on €2 with the mixed boundary conditions,
defined in Theorem 11:

—Awg = \pwy, In a weak sense as Yw € V(Q) (wk,w)v(g) =\ (wk, ’w)Lz(Q)

and define then for a fixed m € N* the finite approximation of u by

U (t) := Zd’fn(t)wk, (19)
i=1
where the coefficients d%, (t) € H%(]0, +o0[), t > 0, k = 1,...,m satisfy
dﬁl(O) = (Uo,’wk)L2(Q) eRk=1,...,m, (20)
Bydy,(0) = (w1, wi)p2(0) ER Kk =1,...,m (21)

and u,, for t >0, k= 1,...,m solves

(07 tm, Wi) £2(0) + € (U, Wi) v () + V(Optim, W) v () = (fs wi)2(0)- (22)
As the rest of the proof is standard and repeat a lot [17] it is omitted, but can be found
in [15]. Let us focus now on the regularity of such solution. For the weak solution of the

damped wave equation problem (17), satisfying Definition 7, we have the following regularity
results (for the proof see [15]):

Theorem 14. Let Q be a Sobolev admissible bounded domain in R™ (n > 2). Then there
exists the unique weak solution u of the strongly damped wave equation problem (17) in the
sense of Definition 7. Moreover,

(i). in addition u has the following regularity

u € L®([0,4+00[; V(Q)), dwu € L>([0, +o0[; L*(R))

and satisfies the estimate

—+o0
essilig(ﬂu(t)ﬂv(g) +|0ru(t)] 2()) + /0 10¢u(8) v (o) ds + 10Full L2(fo, 4 ool (2))
< C(Iflz2o,4coiz2(0) + lluoll g o) + llutllL2(o))-
(ii). If the initial data are taken more regular
U € D(*A), U € V(Q),

where D(—A) comes from Definition 6, then in addition to the previous point the weak
solution satisfies

dru € L>=([0,400[; V(Q)), d2u € L*([0, +o0; L*(2)),
Au € L>([0, +oo[; L2(Q)) N L2(]0, +-00[; L*(£2)),
Adyu € L*([0, +oo[; L*(2))
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with the estimates
eSSﬁgIg(IIAU(t)H%z(Q) +|atu(t)|%/(9))+/0 [A8u(s)|| 20 ds

< C(HfH%Z([O,-i-oo[;LZ(Q)) + HAUOH%Z(Q) + HU1H%/(Q)) (23)
and

+oo
/0 ||Au(5)||2L2(Q) ds < C(HfH%Z([O,J,-oo[;LZ(Q)) + HAUOH%Z(Q) + HU1H%/(Q)), (24)

where the constants C' > 0 depend only on Q0 and more precisely of the constant in the
Poincaré inequality on V().

An important corollary of this theorem is that it is possible to define a functional
space of solutions of (18) for the homogeneous initial data which is isomorph to the space
L2([0, +00[; L*(Q)) of the source terms.

Theorem 15. For Q a Sobolev admissible bounded domain in R™ let
X == H'([0, +00[; D(=A)) N H?([0, +00[; L*(2)) (25)

and Xo = {u € XJu(0) = 0, du(0) = 0}, where D(—A) comes from Definition 6 with
p = 2. Then there exists a unique weak solution u € Xy in the sense of formulation (18) of
the boundary-valued problem (17) with ug = uy = 0 if and only if f € L*([0, +oo[; L2(Q)).
Moreover the following estimate holds

ullx < CHfHLZ([O,Jroo[;LZ(Q))a
where C' > 0 depends only on Q.

Proof. Theorem 14 gives us directly one side of the equivalence. If f € L2([0, +oc[; L?(Q)),
up = 0 and u; = 0 there exists a unique u weak solution of (18) with d?u, Au and Ad,u in
L3([0, +o0[; L*(12)), along with the estimates (23) and (24) which implies u € X, with the
desired estimate.

Now let us consider a weak solution u € Xg satisfying Definition 7. By linearity u is
unique and, by regularity of u, from (18) we have f € L%([0, +oo[; L%(9)). O

4.2 [? regularity

For p > 2 we have LP(Q) C L?*(Q) and by Theorem 11 the spectrum of —A in LP(£)
is contained in R% as it is contained in the spectrum of —A in L?(2). We give a result
on maximal LP regularity which is a direct application of Theorem 4.1 in Ref. [12] to the
linear system for the strongly damped wave equation with mixed boundary conditions and
homogeneous initial data (17):

Theorem 16. For p > 2 and T > 0, there exits a unique weak solution u € X} with
XP = Wh([0,T];D(=A)) nW2P([0,T7]; LP (1)) (26)

and

X{ = {u € XP|u(0) =0, du(0) =0}
of the mized boundary-valued problem (17) with ug = u1 = 0 if and only if f € LP([0,T]; LP(Q)).
Moreover we have the estimate

[ullx» < ClfllLeo,r1;L0(02))-

It is a weak solution in the sense that the operator —A is defined in accordance with Defini-
tion 6, which defines the weak solution of the Poisson problem with mized boundary condi-
tions.

14



Proof. This is a result of maximal L? regularity. By Theorem 4.1 in Ref. [12] as —A is a
sectorial operator on L?(€)) which admits a bounded RH* functional calculus of angle
with 0 < 8 < Z then system (17) considered with ug = u; = 0 has LP-maximal regularity. It
is an application of a general theorem using UMD spaces. UMD spaces have been introduced
in Ref. [8]. By Ref. [30], if A is a sectorial operator on an UMD space X with property («)
and admits a bounded H° calculus of angle 3, then A already admits a RH°° calculus of
angle 8. For the definition of Banach spaces having property («) see Ref. [48]. For p > 1,
LP(Q) is an UMD space having property («) according to Ref. [12, p. 752].

Thanks to [2, Thm. 5.6], the operator —A is a sectorial operator on L?(€2) which admits
a bounded H® calculus of angle 8 with 8 < 7. The key point according to Theorem 11,
holding on Sobolev admissible domains, is that we have for z € C such that |arg(z)| <

||€ZAHL24)L2 < e—/\llzl

with A\; > 0. The estimate in Theorem 16 is a consequence of the closed graph theorem. [

Now we consider the non-homogeneous damped wave problem (17):

Theorem 17. Forp > 2 and T > 0, let XP be defined by (26) and moreover let
(LP(2), D(—=A))p = {(ug,u1) € LP(2) x LP()] Fu € XP with u(0) = ug, ut(0) = ur}. (27)

There exits a unique weak solution uw € XP of the damped wave equation problem (17) if
and only if f € LP([0,T); LP(2)) and (ug,u1) € (LP(R?),D(—A)),. Moreover we have the
estimate

llullxe < CUfllzr (0,777 (02)) + (w0, w1) [l (zr (@), D(~A)),)-

Proof. For (up,u1) € (LP(Q2), D(—A))p, we have by definition w € X? such that
w(0) =up and w(0) = uy.

In particular,

OPw — ?Aw — vAdw € LP([0,T); LP(Q)).
So in the sense of Theorem 16 if we take w the unique weak solution in XP? of

02w — AW — vAd = [ — (0w — > Aw — vAdw) on [0,T] x Q,
2+ aw =0 on [0,T] x 09,
w0(0) = 9,w(0) = 0 in 0,

we have by the linearity u = w + @ which is the weak solution of the damped wave equation
problem (17). The unicity comes from the unicity of the solution when uy = u; = 0 by
Theorem 16. The other side of the equivalence comes directly from the definition of X? and
(L7(©), D(~A)),-

The estimate is a consequence of the closed graph theorem. O

Remark 2. Since

D(=A) x D(=A) = (LP(2), D(=A)),
we have a similar estimate in Theorem 17 for the solutions of the damped wave equa-
tion problem (17), when (uo,u1) € D(=A) x D(=A) replacing ||(vo,u1)|l(zr©),D(-a)),)
by |luollp—a) + llutllp-a)-
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5 Well-posedness of the Westervelt equation

In this section € is a bounded admissible domain in R? or R3.

To be able to give a sharp estimate of the smallness of the initial data and in the same
time to estimate the bound of the corresponding solution of the Kuznetsov equation, we use
the following theorem from Ref. [54]:

Theorem 18. (Sukhinin) Let X be a Banach space, let Y be a separable topological vector
space, let L : X — 'Y be a linear continuous operator, let U be the open unit ball in X, let
Pry : LX — [0,00] be the Minkowski functional of the set LU, and let ® : X — LX be a
mapping satisfying the condition

Pry(2(x) — @) <O@) [z —z| for fz—aoll<r, [IZ—mf <r

for some xy € X, where © : [0,00[— [0,00[ is a monotone non-decreasing function. Set
b(r) = max(1 — ©(r),0) forr > 0.
Suppose that

w= /b(r) dr €]0,00], 1.« =sup{r >0|b(r) > 0},
0

T

w(r) = /b(t)dt (r>0) and g(x)=Lx+ ®(z) for xe€X.
0

Then for any r € [0, and y € g(xo) + w(r)LU, there exists an x € xg + rU such that
9(z) =y.

Remark 3. If either L is injective or KerL has a topological complement E in X such that
L(ENU) = LU, then the assertion of Theorem 18 follows from the contraction mapping
principle [5/]. In particular, if L is injective, then the solution is unique.

With the help of Theorem 18 we prove the following global well-posedness result.

Theorem 19. Let Q be a bounded Sobolev admissible domain in R? or R3. Assume v > 0,
R* = [0,400[ and p > 2. Let XP be the space defined in (26) with T > 0 if p > 2 and
T =400 if p=2. Suppose

ug € D(—=A) in L, uy € D(—A) in LP ifp>2, oruy € V(Q) if p=2
and f € LP(R™; LP(2)),
and in addition, let Cy be the minimal constant for which the weak solution, in the sense
of (18), u* € XP of the corresponding non homogeneous linear boundary-valued problem (17)
satisfies if p > 2
lu*[[xe < Cr(||flle@+;r@)) + [wollp=a) + [[uillp(-a))

and if p = 2 satisfies (in this case C; = % where Cy only depends on €2 by the constant in

the Poincaré inequality on V(Q))

. &
lu*lx2 < 7(||f||L2(1R+;L2(Q)) + luollp—a) + lluillviay)-

Then there exists r. > 0 such that for all r € [0,r.] and all data satisfying if p > 2

1
Il r+:nr ) + llwollp—a) + [Juallp-a)) < o’
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and if p=2
1%
I fllz2®+;z2 () + llwollp=ay + [utllvo) < ET,

there exists the unique weak solution u € XP of the mized boundary valued problem for the
Westervelt equation

O?u — 2 Au — vAdu = aud?u + a(u)? + f on [0,T] x £,
u=0 onTp x[0,T],

Zu=0onTy x[0,T], (28)
%quau:O onTgr x [0,T],

u(0) = ug, Ou(0) = uy.

in the following sense: for all ¢ € L([0,T];V(Q))
T
/ (07u, ) r2(0) + ¢ (u, ®)v () + V(Opu, d)v (q)yds
0

T
= / a(udiu + (Ou)? + f, b)2()ds, (29)
0

with u(0) = ug and Oyu(0) = uy. Moreover
lul| x» < 2r.

Proof. Forp=2,T = 4+o0oug € D(—A)and u; € V(Q) and f € L?(R*; L?(Q)) let us denote
by u* € X? the unique weak solution, existing by Theorem 14, of the linear problem (17) in
the sense of the variational formulation (18).

According to Theorem 15 , X? = X defined in (25), hence we denote XZ := X, and in
addition take Y = L?[0, +o0[; L?(Q2)). Then by Theorem 15, the linear operator

L:XOQ%Y, uGX&»—) L(u) := uy — 2Au — vAu; €Y,

is a bi-continuous isomorphism.
Let us now notice that if v is the unique weak solution of the non-linear mixed boundary
valued problem

v — AV — vAv — a(v +u*) (v + u)y — af(v +u*))? = 0 on [0, +00[x €,
v=0o0nTp x 0,400, %v =0onI'y x [0, +o0],
é%erav =0onT'g x [0, 400,

v(0) =0, v:(0)=0,

(30)

then v = v+u™* is the unique weak solution of the boundary valued problem for the Westervelt
equation (28). Let us prove using Theorem 18 the existence of a such v € X&, which is the
unique weak solution of (30) in the following sense: for all ¢ € L%([0, +oc[; V(2))

+oo
/ (07v,9) L2(0) + (v, )v () + V(Ov, @)y () ds
0

+oo
_ /O (v + u%) (0 + )i+ [0+ w72, 6) 2 ey ds

with v(0) = 0 and 9;v(0) = 0.
We suppose that ||u*||xz < r and define for v € X¢

®(v) == av +u*)(v+u*)u + of(v+ u)?
For w and 2z in X satisfying

|lw|lxz <r and |z||x2 <r,

17



we estimate |®(w) — ®(z)||y by applying the triangular inequality. The key point is that it
appears terms of the form ||gbs ||y and | g:b¢||y with g and b in X? and we have the estimate

lgbeelly <[lgll oot x ) [[Dt]]y-

By Theorem 13 which ensures for elements of D(—A) the inequality ||g|| (o) < C[|Ag||Lr (),
we have

lgbeelly <Cllgll oo mt:D(— )0l x2

and the Sobolev embedding implies

llgbeelly <Cllgll mr (m+;p(—a)) 16l x2
<Bi||gl x=110ll x2,

with B; depending only on 2. Moreover, we have

+oo
| gebelly S\//O ¢l oo () 10 ]| L2 (2 ds-

Therefore, again by Theorem 13 we find

+oo
| gbelly SC\// lg¢ellD(—a)llbell L2 (o) ds
0

<Cllgell 2@+ p(-a) 1bell Lo ®+;22(2))
<Clgllx21[bell 1 (m+;22(02))

also using Sobolev’s embeddings. Finally it holds

1g:belly < Ballgllx2bll x>

with Bs depending only on (). Taking g and b equal to u*, w, z or w — z, and supposing
that ||u*||x2 <7, |Jw|lxz <7 and ||z]|x < r, we obtain

[®(w) — @(2)[ly < 8aBr{w — z||x>

with B = max(Bj, B2) > 0 depending only on .

By the fact that L is a bi-continuous isomorphism, there exists a minimal constant
C, = C (%) > 0 (coming from the inequality |lul|x < C|/f|y for u, a solution of the linear
problem (17) with homogeneous initial data) such that

Vue X2 fullxe < Gyl Lully-

Hence, for allg e Y
Pru,(9) < CoPuy (9) = Cullglly-

Then we find for w and z in X3, such that ||w||x2 <, ||z]|x2 < r, and also with ||u*| x2 <,
that
PLu, (®(w) — ©(2)) < O(r)[Jw — 2| x.

where ©(r) := 8 BC,ar. Thus we apply Theorem 18 for
g(z) = L(z) — ®(z) and zo = 0. Therefore, knowing that C, = €2, we have, that for all
r € [0, 7| with

1
- 8BC,a’

(31)

T
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for all y € ®(0) +w(r)LUxz C Y with
w(r) =r —4BC,ar?,

there exists a unique v € 0+ rUx;z such that L(v) — ®(v) = y. But, if we want that v be the
solution of the non-linear Cauchy problem (30), then we need to impose y = 0, and thus to
ensure that 0 € ®(0) +w(r)LUx;z. Since fﬁ@(O) is an element of Y and LX3 =Y, there

exists a unique z € X such that

Lz=— ®(0). (32)

Let us show that |z]|% < 1, what will implies that 0 € ®(0) + w(r)LUx,. Noticing that
[2O)]ly < elluguglly + allugugly
< 2aB|u*|%: < 2aBr?

and using (32), we find

(0
l2llxe < CullLely = ¢, 12Qx
w(r
__Gv2Bar 1
— (1—401,3&7“) 27

as soon as r < r*.

Consequently, z € Uxz and ®(0) + w(r)Lz = 0.

Then we conclude that for all r € [0,7,[, if ||u*||2 < r, there exists a unique v € rUx,
such that L(v) — ®(v) = 0, i.e. the solution of the non-linear Cauchy problem (30). Thanks
to the maximal regularity and a priori estimate following from Theorem 15, there exists a
constant C1 = C1(Q2), such that

. Ch
f[u*]x2 < 7(||f||Y + Juollp—a) + llutllve))-

Thus, for all 7 € [0,r.[ and [[f[ly + [[uollp(-a) + llurllv@) < &7, the function u =

u* 4+ v € X is the unique solution of the Cauchy problem for the Kuznetsov equation and
||U||X2 S 2r.
Let us notice that when f = 0 we have
/
u*]lx> < \/—llj(lluOllv(—A) + llutllvie)-

The case p > 2 and 0 < T' < +0¢ is essentially the same and thus is omitted. We just replace
L2([0, +00[; L2(Q)) by L*([0,T]; LP(2)). We also use the Theorems 17 and 13 to have the
required estimates following from the fact that for p > 2

W2 ([0, +-00[) < L*°([0, +o0]).
O

6 Approximation of the fractal problem for the West-
ervelt equation by prefractal problems with Lipschitz
boundaries

6.1 Uniform domains in R” with self-similar boundaries and their

polyhedral approximations

In this section we give conditions under which a domain €2 in R™ with piece-wise self-similar
boundary is a uniform domain. Moreover, under our conditions, these domains have natu-
ral polyhedral approximations €2, which are uniformly (e, co)-domains, that is, € does not
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depend on m. Our conditions cover the examples of scale-irregular Koch curves [10,11], the
square Koch curve, also called the Minkowski fractal [18,51,52], and their n-dimensional
analogs. We do not give the most general assumptions but rather concentrate on the situa-
tions with potential practical applications, such as [41].

Suppose € is a polyhedron in R and K is one of its faces. We denote the (n — 2)-
dimensional hypersurface boundary of Kq by 9, _2)Ko, which is just the union of n — 2-
dimensional faces of Kj. A typical example is Qg = [0,1]™ is the unite hypercube in R"™
and Ko = [0,1]""! x {0}. In this case J,_2)Kp is the (n — 2)-dimensional hypersurface
boundary of the (n — 1)-dimensional hypercube Ky = [0,1]"~! x {0}.

We suppose that polyhedral hypersurfaces K, are defined inductively using a sequence
of iterating function systems of NV, contractive similitudes

(Yim)1<i<N,n

with contraction factors
(di,m)1<i<n,,

by
K = @ (Ko) = U, 0 (Ko).

These are standard concepts, which we do not discuss in our paper in detail, are thoroughly
described, for instance, in [1, 19] (see also Appendix B).

Theorem 20 assumes a fractal Self-Similar Face Condition and a strong version of the
Open Set Condition, see Figure 2, that we introduce as follows.

Assumption 1 (Fractal Self-Similar Face). We assume that each K,, is a polygonal surface
with (n — 2)-dimensional hypersurface boundary that is the same as the (n — 2)-dimensional
hypersurface boundary of K.

Assumption 2 (A Strong Open Set Condition). We assume the Open Set Condition for
the sequence ®,, is satisfied with two different convex open polygons O ; O', not depending
on m, such that

00N Ky=00"NKy=00N00" = d,_2 Ko.

Theorem 20. If Assumptions 1 and 2 are satisfied, then Q,,, and Q are uniformly exterior
and interior (e,00)-domains, that is, € does not depend on m.

Proof. By the recent result [5, Theorem 2.15] (see also [5, Appendix A]), it is enough to
prove the interior and exterior NTA conditions with uniform constants. This is proved by
tedious but routine induction arguments outlined below.

By [5, Defintion 2.12], we need to verify the Corkscrew condition [5, Defintion 2.10] and
the Harnack chain condition [5, Defintion 2.12] with constants not depending on m.

The Corkscrew condition, both exterior and interior, is immediately implied by the self-
similarity and the Open Set Condition.

Note that, by the standard decompositions into different scales, it is essentially enough
to consider the case when all contraction factors d; ,,, are equal, that is d;,,, = d for all 4
and m. To verify the Harnack chain condition, assume that x,y € £, such that distance
to the boundary of each x and y is comparable to 61 ~ d™* and |z — y| = d2 ~ d™2, where
m > my > Mmo.

We proceed by considering different cases.

To begin with, assume that y is in a 0-cell but not in any 1-cell. In this case we can
apply the following strategy: connect z to the outer boundary of its 1-cell by the Harnack
chains of balls lying in this 1-cell, and connect this Harnack chain to y by a Harnack chain
inside QN O’ \ ®1(0). It is routine to verify by induction in m the required bounds on the
diameter and number of balls. This is the crucial observation which is essentially the same
as the main result in Ref. [1], and therefore we omit details of the proof.
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Figure 2: An illustration for the Open Set Condition in the case of the square Koch curve,
also called the Minkowski fractal. The thick dotted line outlines the set O, which is called the
O-cell. The thin dotted lines outlines the open sets in ®1(0), which are called 1-cells. The
bottom picture illustrates the stronger form of the Open Set Condition used in Theorem 20:
the thin solid lines outline the open sets O’ and ®1(O’).

If x and y are in the same 1-cell, then the induction argument in m applies.

Therefore it is enough to consider the case when x and y are in different 1-cells. In this
case there are two sub-cases: first, when x and y are not in adjacent 1-cells; second, when x
and y are in adjacent 1-cells. In both these sub-cases we can complete the arguments by the
following strategy: connect each x and gy to the outer boundary of their respective 1-cells
by the Harnack chains of balls, and connect these two Harnack chains together inside the
polygonal set QNO’\ ®1(0). It is routine to verify the bounds on the diameter and number
of balls because the polygonal set QN O’ \ ®1(0) does not depend on m, my, ms2 and thus
has interior angles controlled from below.

If x and y are in the compliment €)f,, then the same arguments apply with {2 replaced
by Q¢.

O

Remark 4. The essential arguments in the proof of Theorem 20 are similar to those in
Ref. [1], where the reader can find background and detailed explanations of the techniques.
Our results are stronger because we make more restrictive Assumptions 1 and 2.

Note that in our self-similar case, under Assumptions 1 and 2, one can also verify the
uniform in m (e, 00)-condition by inductively constructing the required twisted conical cylin-
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der, called also the cigar, connecting x and y.

In the two dimensional case there are more straightforward arguments to show that polyg-
onal approximations to a self-similar curve bound uniformly (e,00)-domains. Such argu-
ments can be based on the Ahlfors three point condition, see [27, page 73] and [10, Lemma

6.2 Trace and extension theorems in the approximation framework
of self similar fractals in R"

In this subsection we assume the same notation and assumptions as in Subsection 6.1. For
N contraction factors d;, i =1, ..., N we define

N
D= dr . (33)
=1

With notations w|m = (w1, ..., w,) for w; € {1,... N} and

ww\m :wun 0---O¢wm,

we introduce the volume measure ;1 as the unique Radon measure on

+oo
K = U q)m(KO)a
m=1
such that Hm -
i (K)) = =L (34)

While the fractal boundary OS2 is irregular, the prefractal boundary 052, is polygonal,
so we can easily give well posedness results for partial differential equations with domains
having such boundary and use the classic Lebesgue measure on such a boundary and to
obtain a well-posedness result on the solution u of the Westervelt equation on a domain 2
by a convergence argument on the functions w,, solutions of the Westervelt equation on a
domain €2,,. This also allows to construct an approximation of w. In order to do so the
following results are needed.

Theorem 21. Let 1

m = =, 35
where D defined by (33). For any function g € H'(R")
am/ Trg,, gds — / Trig du for m — +oo. (36)
K K

m

Proof. Let firstly suppose that g € C(R™). We follow the proof of Theorem 2.1 in Ref. [10]
given for the special case of von Koch snowflake. For a fixed summit A on 9Ky we introduce

the measure 1 L
moodqn-
1=1 "w;
Mm = Z Dm 6¢w\7n(A)'

Let us prove that u,, weakly converges to the measure p considered on K. For any m, we
introduce the following positive linear functional on the space C(K)

Gm(h) = Z h(ww\m(A))'

(w1,...,wm )E{L,...,N}™
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As K is compact of R™, then h € C(K) is uniformly continuous on K. Consequently, we
have

Ve >0, 3Jq € N*such that Vn,m > q |Gp(h) — Gn(h)| < e.

Thus for each fixed h € C(K) the numerical sequence (G, (h))men+ converges. Hence the
limit defines a positive linear functional on C(K). By the Riesz representation theorem,
there exists a unique (positive) Borel measure fi such that

lim Gn(h):/ h dji.
K

m—r oo

Moreover fi satisfies (34). Hence, from the uniqueness of a such measure, p and [ coincide,
and we obtain

VheC(K) lim [ hduny,= / hdy, (37)
K K

m—o0

which is the definition of the weak convergence of p,, to u. We also notice that p(K) = 1.
Let us formally write

o o= [ o
= gds— [ gdu
D™ Jg,. K

_ 3 Mg(wm(%m)),

Dm
(W1 yeeey Wi )E{L,...,N}™

where P, € Ko and under the assumption the Lebesgue measure A(Kp) = 1, the first
term on the right hand side of (38) can be estimated by using the uniform continuity of g as

D—lm/K gdS/Kgdum‘S

(wi,...,wm)E{1,...,N}™

[T, dp !

Dm

As the second term on the right hand side of (38) can be estimated by using (37) we
achieve the desired result for g € C(R"). To obtain the same for g € H!(R™) we apply the
density argument and [11, Thm. 3.5]. O

To be able to control the traces on the prefractal boundaries we generalize Lemma 3.1 [10]
for our n-dimensional case.

Lemma 1. Let K, be the m-th prefractal set. Then
VP eR" X\_1(B(P,r)NKp) < CD™r,

where the constant C' > 0 is independent on m, B(P,r) denotes the Fuclidean ball with
center in P and radius 0 < r <1 and \,—1 is the (n — 1)—dimensional Lebesgue measure.

Proof. Let us fixe h € N such that

(maxd?il)h < r < (max d?il)h_l.
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Then B(P,r) C B(P, (maxd}~")"1).
When h > m, since maxd; > =, it holds

A1 (B(P,r) N Kpp) <Apo1(B(P, (maxd! )" 1) N K,y,)
<Cj(maxd}~hHh=! < CyN"1r,
where (] is independent of m.
Let us now consider the case when h < m. There are at most Cy open sets ¥y,,—1(T') =

P, 0+ - -0y, (Co independent of m), where T is the set of the open set condition associated
to (¥i)1<i<n, that has not empty intersection with B(P, (maxd}'~*)"~1). Then as

h=1 n—1
IIi:l dwi
Dh—-1

o (max d7
e T

An—1(B(P, (maxd? )" 1) N Ky, Nty 1 (T)) <D™

)hfl

we obtain

M1 (B(P,7) N Kyp) <A1 (B(P, (max d? M1 N K,,)

O

Therefore we have the following uniform trace estimate for the prefractal boundaries
with an analogous estimate in the fractal case:

Theorem 22. Let u € H°(R") and % <o < 1. Then for all m € N

1
WHTTKmuH%Q(Km) < ColullFo gny, (39)
where C, > 0 is a constant independent of m. In addition, on the fractal K with the measure
w satisfying Theorem 2 it also holds for %1 <o <1+ 152 and for a constant Cy; > 0

ITrreullF2) < CollullFo gny- (40)

Proof. The proof of (39) is essentially the same as for (40) proved in Ref. [10] and is thus
omitted, the key point being Lemma 1 and the use of Bessel kernels with Lemma 1 on p. 104
in Ref. [30]. In addition (40) is a direct consequence of Theorem 7. We finish by notice that
J3. 1] clnge 1+ 232 =

The following theorem extends functions of H'(€2,,) to the space H'(R™) by an operator
whose norm is independent of the (increasing) number of sides. It is a particular case
of the extension theorem due to Jones (Theorem 1 in Ref. [27]) as the domains Q,, are
(e,00)—domains with ¢ independent of m. We also give the extension result for the limit
domain © coming from the Rogers extension theorem [19] due to a “degree-independent”
operator for Sobolev spaces on (g, 00)-domains.

Theorem 23. For any m € N, there exists a bounded linear extension operator
Eq, : HY(Q,,) — H*(R"), whose norm is independent of m, that is

| Ea,, vl 1 @ny < Crllvllaron) (41)

with a constant Cj > 0 independent of m.
In addition, for the (g,00)-domain Q with a fractal boundary K there exists a bounded
linear extension operator Eq : H(Q) — H?(R"), 1 <o <1, such that

| Eavllge @y < Callv|lge)- (42)
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Proof. The independence on m comes from the fact that the €, are (¢, 00) domains with
e fixed according to Theorem 20. Then we just have to apply the result of Ref. [27] on
quasiconformal mappings. The extension result for the fractal domain 2 follows from the
Rogers extension theorem [49, Thm. 8], since by its definition Q is (¢, c0)-domain, with the
use of interpolation techniques (see also [10, Thm. 3.5]). O

6.3 Mosco type convergence

We consider a domain €2 of R™ defined in Subsection 6.1 and its polyhedral approximation
by domains €2,,,. We suppose as in Section 4 that

0N = F[)yg U FNyg U FRyg with FR@ =K
and
an — FD,Qm @] FN7Qm @) FR,Qm with FR,Qm = Km,

where the parts of boundaries with letters D, N and R correspond to the type of the
homogeneous boundary condition considered on them: the Dirichlet, the Neumann and the
Robin boundary conditions respectively.

Our aim is to consider the limit m — 400 of the weak solutions of the following West-
ervelt mixed boundary problem

0?u — > Au — vAdu = adi[udu] + f on |0, +00[x Dy,
u=0onTpgq, XxI[0,+00],

2y =0o0nTyg, x[0,+00, (43)

FoU 4 amu =0 on K, x [0, +oo],
w(0) = ug,m, ut(0) = u1m on Oy
To be able to do it let us introduce the space
H(Q) := H'([0,+oo[; H(2))NH?([0, +o0[; L*(2)) (44)

and let us consider Q* a Sobolev admissible domain such that Q@ C Q* for all m € N*
Q C Q.
For u € H(2*) and ¢ € L?([0, +oo[, H'(2*)) we define

—+oo
Folu, ¢] := / / O2ug + AVuVe 4+ vVouVe didt
—+o0
/ / amTraq, uTroq, ¢ + vamTraq,, Owu Traq,, ¢dsdt (45)

—+o0
/ / a(udiu)p — a(Oiu)*¢ + fo dAdt
and also

—+00
Flu, ¢] = /0 A D2ug + AVuVe 4+ vVouVe didt
“+oo
+ / / aTroou Troad + vaTrsadu Trooédudt (46)
K

+oo
/ / —a(ud?u)p — a(Opu)?p + fo ddt.
0 Q
We also define for u € L%([0, +oc[; L?(2%))
Fonlu, 6] = { Flu, 6] if ue H(Q), (a7)

+00 otherwise

and

Flu.d { Flu,¢] ifue H(Q),

400 otherwise.
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Remark 5. We see that u is a weak solution of the Westervelt problem (28) on [0, 400[x
in the sense of Theorem 19 if there hold

o u € X with the space X defined in (25);
e for all € L3([0,+o0[; V(Q)) F[u,¢] = 0, where F is defined in (46);
e u(0) = ugp and u(0) = uy on Q.

The expression F[u,$] = 0 can be obtained multiplying the Westervelt equation from
system (28) by ¢ € X integrating on [0, 400[x 2 and doing integration by parts taking into
account the boundary conditions. In the same way with F,[u, @] given by Eq. (45) we can
define the weak solution of problem (43).

In order to state our main result, we also need to recall the notion of M — convergence
of functionals introduced in Ref. [15].

Definition 8. A sequence of functionals G™ : H — (—o0, 00| is said to M-converge to a
functional G : H — (—o0, +00] in a Hilbert space H, if

1. (lim sup condition) For every u € H there exists u,, converging strongly in H such
that o
HmG™ [uy,] < Glu], asm — +o0. (49)

2. (lim inf condition) For every v, converging weakly to u in H

ImG™ [vy] > Glu], asm — +oo. (50)

Because of the quadratic nonlinearity of the Westervelt equation to be controlled for
weak solutions, we consider domains in R™ only with n = 2 or 3. For the linear problem it
is possible to work with higher dimensions too. The main result is the following theorem.

Theorem 24. Let Q be a fractal domain of R? or R3 and (Q,)men+ be the prefractal
polyhedral sequence described and defined previously, all included in a Sobolev admissible
domain Q*. For ¢ € L*([0,+oo[; HY(Q*)), and am = aoy,, where o, defined in (35), the
sequence of functionals u v F,[u, ¢| defined in (47), M-converges in L([0,+o0[; L2(Q*)),
to the following functional u — Flu, ¢] defined in (48) as m — +oc.

Moreover, for all ¢ € L*([0, +ool; HY(Q*)) if vy, — u in H(Q*) defined in (44), then

Fm[vma¢] — F[U,¢],

m——+0o0o
where Fy,, and F are defined by equations (45) and (46) respectively.

Remark 6. If (,)men- i8S @ monotone increasing sequence up to Q, i.e. Qp, C Q for all
m, then it is not necessary to take Q* different to §2, it is sufficient to take Q* = Q. In all
cases, thanks to Theorem 283, functions v, (t) € HY Q) can be uniformly on m extended
to the functions Eq, vy, (t) € HY(R™) and after it we work with their restrictions on Q*:
[Eq, vm ()] |ox € HY(Q*). By the same way, for u(t) € H(Q) we consider if Q # Q*
[Equ(t)]|a- € HY(Q*). To avoid complicated notations we work directly with functions from
HY(Q").

We also make the attention that we don’t impose on (Qm)men+ any restriction to be
monotone, but only to satisfy Assumptions 1 and 2 and, by the fractal approrimation, to
converge to Q in the sense of the characteristic functions: |1lq,, — Lallpi (o« — 0 for
m — +00.

Proof. We consider ¢ € L?([0, +-o00[; H1(Q*)).

Proof of "lim sup" condition. Without loss of generality, let us take directly a fixed
u € H(2*) and define v, = u for all m. Hence (v;,)men+ is strongly converging sequence
in L2([0, +oo[; L?(9*)). Thus by the definition of functionals F,,[u, ] and F[u, ¢], they are
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equal respectively to Fy,[u, ¢] and Fu, ¢], which are well defined (and hence are finite). As
by our construction €2, — £ for m — 400 in the sense of the characteristic functions and
u € H(Q*), for the linear terms in (45) integrated over ), to pass to the limit we can
directly apply the dominated convergence theorem for m — 400

“+o0
/ / O2up + *VuVeo + vVoruVedadt
0 Qi

“+oo
— / / D2ugp + AVuVe + vVouVedadt. (51)
0 Q

Indeed, knowing that u € H(Q*) and ¢ € L%([0, +oo[; H'(2*)) by Holder’s inequality we
have

—+00
/ /Q |07 ug|dzdt <[|0Full L2((0,+ool:2(@ ) 19l L2(10, 002 (04)) < +00,
0 *
—+00
/ / |CQVUV¢|dl‘dt §C2||VUHL2([07+OO[;L2(Q*))||v¢||L2([07+00[;L2(Q*)) < 400,
0 *

+oo
/ / |V€Vatuv¢|d$dt SVHVatuHLz([O,-l-oo[;Lz(Q*))||v¢||L2([O,+oo[;L2(Q*)) < +o0.
O *

To pass to the limit for the nonlinear terms integrated over €2, we also apply the dominated
convergence theorem

/+OO/ a(udiu)p — a(Ou)*pdadt — /+°<>/ a(ud?u)p — a(dpu)?pdxdt. (52)

More precisely, we successively apply Holder’s inequality and the Sobolev embeddings to
control

/0+°° / |(udiu)o|dadt

<lull Lo (go, oot (@) 187wl L2((0, 4 ooz 191l L2((0, 40028 (24)

<Clull i1 (0,400 11 (@) 107 ]| L2 (0, 400 ;L2 |0 ]| L2 (0, 4 0011 (20)) < +00

nd
/Om / |(O¢u)?¢|daxdt

<N10sul| Lo ([0, 10022 (24)) |0sul| L2 ([0, 400 ;L1 (@) 1@ L2 (10,4 00 [s L2 (2% )
SC”at'UJHHl([0,+oo[;L2(Q*))||atuHL2([O,+oo[;H1(Q*))H¢’||L2([O,+oo[;H1(Q*)) < +o0.

Let (¢;)jens C C* ([0, +00[x2*) be a bounded sequence converging to ¢:
;2. ¢ i L*([0,+oc, HI(Q)),

Jj—+oo

Thus we can express the difference between the boundary therms as follows
—+oo —+oo
/ / omTroq,, Ovu T'raq,, ¢pdsdt —/ / Troadiu Troqodudt
0 K
+oo
:/ / omTroq,, Ovu Traq,, (¢ — ¢;)dsdt (53)
0 K
—+o0 —+oo
Jr/ / omTraq,, 0w Traq,, ¢;dsdt f/ / Troa0yu Traa¢jdudt
0 Ko 0 K

—+00
- / / Troadiu Traa(¢ — ¢;)dudt.
0 K
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Thanks to Theorems 39 and 7, we estimate the first integral in (53) using the Cauchy-
Schwartz inequality by

+oo
/ / omTroq,, Ovu Traq,, (¢ — ¢;)dsdt
0 K

< O||Eg20vul| ([0, 400, 21 (R2)) | ER2 (¢ — 05) | L2([0,4-00 [, B (R2))
< Cllovull 210,400 11 () 1€ — D3l L2 ([0, 400l H (27))
with a constant C' > 0 independent on m. Therefore, for all ¢ > 0 there exists j; € N* such

that for all j > j; and all m € N

(54)

[SCANO)

+oo
/ / omTroq,, Owu Traq,, (¢ — (bj)dsdt’ <
0 Km

In the same way by Theorems 22 and 7 we can show that there exists jo € N* such that for
all j > jo

+oo
/ / Troadu Troa(¢ — ¢j)dﬂdt‘ <= (55)
0 K 3
Let us now fix j = max(j1, j2). Given the regularity of ¢;, we have
dyug; € L*([0, +oo], H(Q")).

So by Theorem 21 for almost all time ¢ € [0, +o0o[ we find
m——+o0

/ omT'roq,, Ot Tragm(bjds—/ Troowu Traoae;dp  — 0.
Km K

Moreover by Theorems 39 and 7

‘/ omT'raq,, Oru TTan(bdedt‘ SCHED@atU”Hl(]R?)||E]R2¢j||H1(]R2)
KWL

<C|0yul| 1 (a7

&5l 1 (2

with a constant C' > 0 independent on m. We notice that since u € H(Q*)

$jll e @) € L1([0, 00]).

Hat’lL”Hl(Q*)

Consequently, by the dominated convergence theorem

+o0 too
/ / omTTaq,, Oru Tragmqudsdt—/ /Tragatu Troag;dpdt] — 0. (56)
0 Km 0 K m—+oo

Thus, putting together (54), (55) and (56) in (53), we finally obtain that

+oo too
/ / omTraq,, Oru Traq,, pdsdt —/ / Troadiu Trogedudt — 0. (57)
0 Kum 0 K m—+00

In the same way we prove that

m——+o0

—+oo +oo
/ / omTraq,, u Tragmqﬁdsdt—/ / Troqu Tragédudt — 0. (58)
0 K 0 K

By using (51), (52), (57), (58) and the fact that by the dominated convergence theorem for

fe L2([0, +oo[; L*(Q2))
+o0 +oo
/o /Qm fodzdt m—t)I-oo/O /quﬁdmdt,
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we conclude that for all ¢ € L?([0, +oo[, H1())

F,.[u, ¢ mjoo Flu, ¢).
This proves the "lim sup" condition since the infinite case obviously holds.
Proof of the "lim inf" condition. Now, let (v;;)men+ be a bounded sequence in
H (") such that
Um —u in H(QY) m — 4oo.

Then by definition of H(2*) in (44), it follows that

Ofvm — Ofu in L*([0, +-o00[; L*(2%)), (59)
Gtvm — atu, V@tvm — V@tu in L2([0, —|—OO[, L2(Q*)), (60)

and
Vg — u, VU, — Vu in L([0, +oo; L2(2%)). (61)

Moreover, working in R™ with dimension n < 3, by Theorem 8 it is possible to chose
any 2 < p < 6 ensuring the compactness of the embedding L?([0,+oo[; H*(Q*)) CC
L2([0, +00[; LP(Q2*)). For higher dimension the desired assertion with p > 2 fails. So for
2<p<6

Vg — U, O, — Ogu in L2([0, +oo[; LP(2%)). (62)

From the compact embedding of H'(Q*) in H?(Q*) (3 < ¢ < 1) we also have that
Uy — U, Oy, — Opu in L2([0, +oo[; HT (QF)). (63)
Let ¢ € L2([0, 00[, H(Q*)), we want to show that

Fm[vm7¢] - F[U,(b]

m——+oo

We start by studying the convergence of the terms with fOJrOO fQ :

+o0 +oo oo
‘ / / O2umpdzds — / / 8tu8t¢dxds‘ < } / 82un g, ¢drds
0 Qi 0 Q 0 Q*

+o00 t+oo Foo
_ / afvm]lgqﬁdxds‘ +‘ / 02v loddeds  — / d2ulgedrds.
0 Q= 0 O 0 Q*

The second term on the right hand side tends to zero as m — +oo by (59) as 1qd:¢ €
L2([0, +o00[; L*(Q*)). For the first term

—+o0
’/ O vm(lg,, — Lo)ddzds| < (g, — L)@l L2(j0,+o0ix2) 107 vm || L2 (0,400 [x 24)
0 Q-

but [|02vm | L2(jo,4+c0[x0+) is bounded for all m by (59) and by the dominated convergence
theorem

[(Le,, — L)@l L2(0,+o0[x0%) ot O

—+oo +oo
/ / afvmqbdxds—>/ /afuqbdxds.
0 Qm 0 Q

Then for m — +oco
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Using (61) we can deduce in the same way

+oo
/ / O2vmd + Vv, Vo + veV v, Vo dadt
0 Qm

m——+o0

+oo
— / Ofug + *VuVe + veVouVedrdt.  (64)
0 Q

For the quadratic terms we have

/0+°° /Qm(vmafvm)qﬁdxdt—/()Jroo/gl(u@fu)(bdxdt’
T omdomybdzdt — [ [ (omon)odedt
Lol [ |
/O+°° /(z(vmafvdezdt, /0 teo /Q (uafu)(bd:cdt‘. (65)

To show that the first term on the right hand side tends to 0 for m — +o0o we use the fact
that by Holder’s inequality

+oo +oo
/ / (VU 020y, ) pddt — / / (Umafvm)qﬁdxdt‘
0 Qum 0 Q

<[[(La,, — 1)@l L2(0,4+00f:L4 (24 ) 1Vml] Lo (0,400 524 (2)) 07 Vml| L2 ([0, 00 ;L2 (24)) -

<

+

Using the Sobolev embeddings we have for all m

[vm | Los ([0, + solsL 4@ )) 107 Vml| L2 ([0, + 00 sL2(02%))

<Cllvmll 1 (o, 400zt (@) 107 vl L2 ([0, 40022 (027)) < K

with a constant K > 0 independent on m, as (v, )men+ is weakly convergent in H(Q2*).
Moreover, as by the Sobolev embedding we have

¢ € L*([0,4+o00[; H'(Q*)) cC L3([0, +oo[; L*(2)),
then by the dominated convergence theorem we obtain

[(Le,, — 1o)@llr2(o,+c0z40%))  —2 0.

m——+o0

+oo t+oo
/ / (Umafvm)qﬁdxdt—/ /(Umafvm)qﬁdxdt‘ — 0. (66)
0 Qm 0 Q

m——+o0

+oo +oo
/ /(vmafvm)d)dzdtf/ /(uafu)(bd:cdt‘.
0 Q 0 Q

+oo
Y / 1 (0m — )12 ds.

Now we consider

We see that

Consequently, by the Young inequality

+oo

lom — ubll 2o tontzz(@) < / o — w2y 16l 26 0y s
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and by the Sobolev embeddings we find

+oo
[vm® — udll 20,400 L2(2) SK/O [om — ullF1 ) |9l F ) ds
[vm® — ug|l L2 (0,400l L2(2)) <K Nvm — wllEoe (0,100 mr (@) 1917210, +00f: L2 (02))-

Here K > 0 is a general constant independing on m. But we have v,,, — uin H'([0, +-o00[; H'(2*)) CC
L ([0, +o00[; H(£2)), s0 vy — u in L*([0, +o00[; H'(£2)). Hence

Umd — ug in L*([0, +-00f; L*(92)).

Combining this strong convergence result with the weak convergence (59) we obtain

+oo —+oo
(VO v ) pdadt — / / (u@fu)qﬁdmdt’ — 0. (67)
Q 0 Q m——+0o0
Then (65),(66) and (67) allow us to conclude that
—+o0 —+o0
(U 020y, ) pddt — / / (ud?u) d)dzdt} e 0. (68)
Qm

Now we consider

+oo ) - +oo , ’
; /Q ) (Orvm )~ pdxdt /O /Q (Dyu)? pdadt
+oo 400
2 _ 2
| /Qm (Opvm ) ddxdt /0 /Q(atvm) qbdxdt’

+oo too
(8tvm)2¢)dzdt/0 /Q(atu)Q(bd:cdt’ (69)

Q

The first term goes to 0 when m goes to infinity in the same way that for the proof of (66),
moreover we have:

“+oo

+o0 t+oo
(Osvm)* pdadt — /0 /Q(@tu)Q(bd:cdt‘ = | /Q(atvm — O0wu) Q¢ + 8tu)¢)dzdt‘ .

Q

By the Young inequality

“+o0 +oo
/ ((Byvm)? — (Byu) )qbd:cdt‘ g/ 18¢vm — Beul| L) | Opvm + Byull L2y | Bl Lo ey dit
0

and by the Sobolev embeddings and the Cauchy-Schwarz inequality we find

“+oo
/ at’l)m 8tu) )(bd:cdt‘ < Hat’l)m + 8tU||Loo([07+oo[;L2(Q))

NOevm — Opull L2 (0,400 ;L3 @)) Dl L2 ([0, 400 s H1 (2))

By (62) Hat’l)m — 8tU||L2([07+Oo[;L3(Q)) ijr}oo 0 and, as
Byvpm — Opu in H' ([0, +oof; L*(Q)) CC L>([0, +o0; L(2)),

the numerical sequence (||0svym + Oru|| oo ([0,4-00[;22(Q)) Jmen+ is bounded. Consequently

+oo
/ 8tvm 8tu) Yodxdt| — 0.

m——+oo
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Coming back to (69) we obtain

/O = /Q m(atvm)Qqﬁdxdt— /0 o /Q (Gtu)Qqﬁd:vdt‘ vl 0. (70)

Let us consider the boundary term

+oo +oo
/ / omT'raq,, Otvm Troq,, ¢dsdt — / / Traoadiu Troqedudt
0 Km 0 K

—+o0
:/ / omTraq,, 0t (Um —u) Traq,, ¢pdsdt (71)
0 Km

+oo +oo
+ (/ / omTraq,, Oru Traq,, ¢dsdt —/ / Tron0iu Trambdudt) .
0 Km 0 K

By (57) we already have the convergence to zero of the second term in (71). Now thanks to
Theorems 22 and 7 we find

+oo
| / / omTraq,, Ot(Um — u) Traq,, ¢dsdt]
0 Ky,

SC”E]Rz (8tvm — at”)HLZ([O,—i-oo[,H“(RQ))HE]R2¢HL2([O,+OO[,H1(]R2))
<C|0gvm — Ol L2([0,4-00f, 17 () | Pl L2 (0,400 H (2))

with a constant C' > 0 independent on m. Then by (63)

m——+oo

—+o0
/ / omTraq,, Ot(vm — ) Traq,, (bdsdt‘ — 0. (72)
0 Kum

By (71), (72) and (57) we result in

—+o0 —+o0
/ / omT'raq,, Otvm Troq,, ¢dsdt —/ / Troa0iu Traooedudt — 0. (73)
0 Km 0 K m—+o0

In the same way

—+o0 —+o0
/ / omTraq,, vm Traq,, ddsdt —/ / Troqu Trogodudt — 0. (74)
0 Km 0 K m—+oo

So by (64), (68), (70), (73) and (74) we have for all ¢ € L?([0, +oo[; H'(£2))
Fr[vm, 9] = Flu, @],
as m — 400 and this conclude the proof. O

We finish by proving the weak convergence of the solutions of the Westervelt problem
on the prefractal domains to the weak solution on the fractal domain.

Theorem 25. Let domains Q and €, in R% or R3 be defined as previously satisfying
Theorem 20, 2* be a Sobolev admissible domain such that Q C Q*, Ym Q,, C Q" and

d'pga, =0'pa=0Ipq-.

For g € L2(Q%), let ug € V(Q), u1 € V(Q), Aug = glo € L*(Q) in the sense of the Poisson
problem (13) with a > 0. In addition, let for all m € N* ug ., € V(Q,) and u1 m € V(Qy)
with Aug,m = gla,, € L?(Qy) such that

(E]RQUO,m)lQ m:roo Uug m Hl(Q),

(Er2uim)|o i W in H'().
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Then for um € X (), the weak solution of problem (43) on Q. associated to the initial
conditions o m and u1,m in the sense of Theorem 19 with a,, = aoy,, and u € X(Q), the
weak solution of problem (28) on  in the sense of Theorem 19, it follows that they are weak
solutions in the sense of Remark 5 and

(Eg2tm)|or = u™ in H(Q) with u*|q = u,
where H(QY*) is defined in (44).

Proof. By the definitions of u,, and u respectively from Theorem 19 we have as a direct
consequence that u,, € X(Q,,) and u € X () are weak solutions in the sense of Remark 5.
Therefore for all ¢ € L?([0, +o0o[; V() and ¢2 € L2([0, +o00; V(Q2))

Folum,$1] =0 and Flu,ds] = 0.
Extending with the help of Theorem 23 we obtain
[(Erztm)lo- | @) < Cllumll @,

with a constant C' > 0 independent on m.

By assumption, for (Q,)men and Q we have the same IT'p fixed, and they are all
(€,0)-domains with fixed ¢ and §. So we can apply Theorem 10. After what we apply
Theorems 13, 14, 15, 19. As in these theorems the dependence of the constants on the
domain only depends on the constant from the Poincaré’s inequality, we obtain the existence
of r* independent on m in Theorem 19 such that if » < r* and

v
I f 2@+ 22 ,0)) + [[A%mll L2 0,) + 1u1mllvia.,) < o
with C7 > 0 independent on m, then

Cllumll gy < lumllx @) < 27,

with C' > 0 independent on m. Therefore,

[l (Er2tm)

o lla@o < K

with a constant K > 0 independent on m, and consequently, there exits v* in H(Q2*) and a
subsequence still denoted by (Egzt.,)|q- such that

(Erztm)|or —u* in  H(Q").
Now for m € N we define

+oo
Uy = ﬂ QN Q.

It is an increasing sequence of open sets with U,, 1 2 for m — 4oc0.
We also define

V(Up) :=={u € H (Uy)| Tru =0 on Tpirp,, = (U2, Tp.a, UTp.o) NOUL},
the closed set W,,, C Q* such that OW,, = I'psr v, UI'p o~ and
Vi (%) := {p € L*([0, +oo[; HY(Q*)| |v,, € L*([0, +oo[; V(Uy)) and u = 0 on Wy, }.

Set ¢ € Vas(Q*), then for all m > M ¢|q,, € L2([0,+00[; V(£2,,)). Thus by Theorem 24 we
have
0 = Fy[(Eazum)

Q*a¢] — F[U*a¢]
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Consequently for all M € N and for all ¢ € Vj;(Q*)
Flu*,¢] = 0.
But by definition of U™ for ¢ € L?([0, +oo[; V(£2)) we can construct a sequence
Gm € Vi (QF) = L*([0,+00[; V()
such that
bule 26 L0, ool V(S)
Then for all ¢ € L2([0, +oo[; V(2))
Flu*, ¢] = 0.

By definition of u,, we also have u*(0) = ug, Au*(0) = Aug in L?(Q2) and dyu*(0) = u; in
V(§2). Moreover

u* € H(QY).
Thus we deduce u*|q = u which allows to conclude. O

Remark 7. Given the variational formulations (45) and (46), it is also possible to consider
the prefractal approximations not only for I'r o, but also for I'y.q and I' p o simultaneously,
which can be described by different fractals. In this case Theorem 2/ stays true and we have
an equivalent of Theorem 25 with the help of Theorem 10 which ensures that the constants
in the Poincaré’s inequality can be taken independent on m. As particular examples in
R2, Theorems 2/ and 25 hold for the studied in Ref. [10] case of von Koch miztures (see
Appendixz B) and for the Minkowski fractal.
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A Proof of Theorem 13

As in Ref. [14] let us define for every m € N*, ¢ > 1 the function
0 if £ <0,
Gt,m(g) = gtt 1 lf 5 6]07 m[a (75)

m'~u  if £ >m,

which by its definition is piece wise smooth and has a bounded derivative. This implies that
Gim(u) € V() for u € V(2) by Theorem 7.8 of Ref. [21]. For some fixed m > 1 and ¢ > 2
we introduce the following notations:

V= Gq_Lm(U,), w = G%,m(u)

Using again Theorem 7.8 in Ref. [21] we obtain that
vty | TR0 ) <m
! Op;u0y;v, if u(x) > m.
Consequently we find
2

2 <q7 2
IVwllza (o) S1(g = 1)(VU7VU)L )
<q[(Vu, V)2 () + a/F Trrpu Trrvdmg]
R

Sq(fa ’U)LZ ()
<all fllz@)llvllrz(0)-
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Using estimate (16) we obtain

lwlZo@) < ClIVWlZa ) < Callfllrz@llvlca ),

where C' > 0 depends only on 2 in the same way as in Proposition 3. Then we use the fact
2(

that 0 <v <w T to deduce
2 2,g—1
lwa |7y < Callfllz@llwe 1 Tai-1 - (76)

Let us denote by v and u~ the positive and negative parts of u, u* := max(0, +u). The

2 2, . . .
sequence of functions ws = [Gg ,,,(u)]% is increasing as m increases and converges to u™ as

m goes to infinity. Thus, if we take © = % with M = C||f||L2(q), from (76) with the help

of the monotone convergence theorem we have
— —ig—1
7200y < @@l T2t - (77)

We take g9 = 2 and gp+1 = 1+ ng, with n = % for all n € N, what allows us thanks to
estimate (77) to find

dn+1

[l L3t +1(Q) < Qn+1||ﬂ|‘zq32n(g)-

From the last estimate we obtain by induction that

ntl gnti-k o tt
[l 0 0y < (H %" ) Il
k=1

As =3 > 1 we see that n < 45 < 2n, which by induction implies that gn+1 = 4nntlt —2,
Consequently,

777]'+1

_ n+1l_—k 1 n+1 -k _ QT
T a1 gy < 220217 (2) 2 Zk=r 5177 ne 2.
Since n > 1 we can pass to the limit for n — +o0:
1
[Tl Lo (@) < K[al|7s.
where
K =2Zi5n o) r Dkt o 4o,
Taking into account that
_ SR
P ST
we conclude in .
[l oo () < KZ[9Q5.
Finally, by definition of w we obtain
[l () < Cllf Iz,
where C' > 0 depends only on 2 in the same way as in Proposition 3. As u~ = (—u)™, and

by linearity —u is the solution of the Poisson problem (13) with f replaced by —f, then we
also have

[u™ [ < Cllfllz2(),
which finishes the proof.
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B Scale irregular Koch curves

Koch mixtures [10] can give a typical example of a fractal self-similar boundary in R2.

We recall briefly some notations introduced in Section 2 page 1223 of Ref. [10] for scale
irregular Koch curves built on two families of contractive similitudes. Let B = {1,2}: for
a€ Blet2<1, <4, and for each a € B let

U@ = gty

be the family of contractive similitudes 1/)1('1) :C—C,i=1,...,4, with contraction factor
17! defined in Ref. [11].

Let = = BY; we call £ € E an environnent. We define the usual left shift S on Z. For
O C R2, we set

2@ (0) =" (0)
i=1
and
q)?(ﬁ)(@) —d)o... 0 q)(fm)((f))_

Let K be the line segment of unit length with A = (0,0) and B = (1,0) as end points. We
set, for each m in N,
K©Om™ = 3©/(K).

K©™ ig the so-called m-th prefractal curve. The fractal K (€) associated with the environ-

ment sequence ¢ is defined by
+oo

kO = ] o (r),

m=1

where I' = {A, B}. For £ € E, we set i|m = (i1,...,%,) and ¥y, = Q/JSI) 0---0 wz(im). We
define the volume measure p(¢) as the unique Radon measure on K€ such that

m 1
& (i (K579))) = T

(see Section 2 in Ref. [7]) as, for each a € B, the family ®(® has 4 contractive similitudes.
The fractal set K€ and the volume measure (&) depend on the oscillations in the

environment sequence £. We denote by ht(f) (m) the frequency of the occurrence of a in the
finite sequence &|lm, m > 1:

1 m
h((f)(m) = E Z 1{51‘:0}’ a = 1,2
=1

Let p, be a probability distribution on B, and suppose that ¢ satisfies

h((lg) (m) —  Da,

m——+o0

(where 0 < p, <1, p; +p2=1) and
C
|ht(1§)(m) _pa| < _Oa a = 152a (7’L > 1)?
m

with some constant Cy > 1, that is, we consider the case of the fastest convergence of the
occurrence factors.

Under these conditions, the measure (&) has the property that there exist two positive
constants Cp, Ca, such that (see Refs. [16,47]),

4

Chr < u(g)(K(f) N B(z)) < Csz(ﬁ) for all z € K(g),() <r<l,
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where B,.(z) C R? denotes the Euclidean ball of radius r and centered at x with

In4

dé — )
p1lnp; + p2lnps

According to Definition 3, it means that K is a d®-set and the measure (¢ is a d€)—
dimensional measure equivalent to the d® _dimensional Hausdorff measure Mmye) .-
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