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On the wave equation on moving domains: Regularity,
energy balance and application to dynamic debonding

Giuliano Lazzaroni, Riccardo Molinarolo, Filippo Riva, and
Francesco Solombrino

Abstract. We revisit some issues about existence and regularity for the wave equation in non-
cylindrical domains. Using a method of diffeomorphisms we show, through increasing regularity
assumptions, how the existence of weak solutions, their improved regularity and an energy balance
can be derived. As an application, we give a rigorous definition of dynamic energy release rate
density for some problems of debonding, and we formulate a proper notion of solutions for such
problems. We compare the consistence of such a formulation with that of previous ones, given in
the literature for particular cases.

1. Introduction

In this paper, we revisit some issues about existence and regularity for the wave equa-
tion in noncylindrical domains, that is, in domains evolving in time. Our main motivation
comes from an elastodynamic model for a thin film, initially glued onto a rigid substrate
and progressively debonded by applying an external load. As a result of this process, the
debonded region is deformed according to the law of elastodynamics; moreover, its oscil-
lations influence the evolution of the debonding front, that is, the interface between the
debonded region and the part of film still attached onto the substrate. It is then natural to
parametrize the debonded region by means of a time-dependent, growing domain, where
the (transverse component of the) displacement satisfies the classical wave equation.

On the other hand, the evolution of the domain is also an unknown of the model and
is governed by the physical principle of stability of the internal energy (kinetic and poten-
tial) of the body. Rigorously writing the precise form of this energetic criterion requires
some technical work, particularly to characterize the energy release rate, which measures,
loosely speaking, the amount of energy dissipated during an infinitesimal growth of the
debonded region. In fact, in the literature the energy release rate and the propagation cri-
terion were identified only in special cases, such as the one-dimensional setting [11, 32]
and the case with radial solutions [23], where some explicit formulas can be used.
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The main scope of this paper is to define the energy release rate for the dynamic
debonding problem in a general setting, removing restrictive assumptions on the shape
of the growing domains; this will lead to the flow rule governing the evolution of the
domain. We show an integral formula for the dynamic energy release rate naturally aris-
ing from the energy balance for the wave equation and extending what was previously
found in special cases. To obtain this, we have to revisit the problem of the wave equation
in time-dependent domains (with initial and boundary conditions) and provide a set of
assumptions ensuring existence, uniqueness and regularity.

In the literature there are several results on the wave equation in noncylindrical dom-
ains, obtained with various methods and under different assumptions on the evolution of
the domains. In [2] an abstract formulation is proposed, as well as a regularization proce-
dure for the operators involved in the problem. In [35] the author uses the Galerkin method
combined with a suitable penalization on the boundary. In [8-10, 28, 33, 34] the authors
employ changes of variables in order to recast the problem into a fixed domain and then
apply abstract results on hyperbolic equations via semigroup theory. We also mention, for
example, [1,3,4,17,19] and references therein for various approaches on different evolu-
tion equations (parabolic, Schrodinger, Navier-Stokes, etc.) in noncylindrical domains.

In this paper we collect some results on existence, uniqueness and regularity for the
wave equation and present them in a unitary perspective. Some results, already known in
the literature, are provided here with different proofs or under slightly different assump-
tions. In Section 2 we introduce a family 2, of Lipschitz domains in RY depending on
time ¢ € [0, T]. We define weak solutions of the wave equation in ;, complemented by
natural initial conditions on ¢ and a homogeneous Dirichlet condition on the bound-
ary 0€2;. The results are then extended to nonhomogeneous Dirichlet conditions in Sec-
tion 5.1. We show an energy balance formula that holds true if the solution has a certain
regularity in time and space (Theorem 2.4). The majority of the paper is then devoted to
the rigorous proof of such a regularity property.

To this end, in Section 3 we follow the technique of changes of variables, assuming
a certain time regularity of the family €2,. Specifically, we require that there is a diffeo-
morphism @ : [0, T] x Qo — RY such that ®(z, Q) = Q, for every ¢. This leads us
to a hyperbolic problem in the fixed domain ¢, with coefficients depending on time and
space. We compare two notions of solutions for such a problem, called weak solutions and
strong-weak solutions, respectively, and we prove they are equivalent (Proposition 3.8).
Existence, uniqueness and regularity of solutions to the hyperbolic problem in the cylin-
drical domain [0, T'] x ¢ are proved in Section 4, by means of the Galerkin method
(Theorem 4.10). The corresponding results in the noncylindrical domain follow under
suitable assumptions on the diffeomorphisms (Theorems 3.9 and 5.4).

As a technical remark, in our results the regularity required on such diffeomorphisms
is different if compared to the assumptions of other works in literature. For instance,
in [10] and [34] the authors consider changes of variables of class C2([0, T]; C2(Rp))
and C3([0, T] x Qo). respectively; in contrast, we require diffeomorphisms of the
class C1-1([0, T]x Qo) for existence of solutions (Sections 3 and 4.2), while we need
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diffeomorphisms of class C%1([0, T] x Q) for uniqueness, regularity and energy bal-
ance (Sections 4.3 and 5). Moreover, for the regularity result we need to assume that Q¢
is convex or of class C2. We stress in particular that, differently from previous works,
we actually allow for a wider choice of the reference configuration 2y, including some
nonsmooth cases.

In Section 5 we combine the results of Sections 3 and 4, thus providing a full statement
of the energy balance (Theorem 5.4). Moreover, we show how our results may be applied
to different settings: the case of dimension one, extensively analyzed in, for instance,
[11,14,22,24-26,30-32]; the case where each domain €2; is homothetic to Q2¢; and the
case where each domain is the sublevel set of a smooth function, which includes the case
of radial solutions investigated in [23].

Our approach is deeply related to some works dealing with dynamic models for crack
propagation in brittle fracture by means of the same “method of diffeomorphisms”
(see [5—7, 12]). Indeed, the formulation of dynamic fracture also relies on the wave equa-
tion in a time-dependent domain—in this case, a domain with a growing crack. However,
since such a domain is not Lipschitz, our results do not apply to this case. On the other
hand, in a dynamic fracture problem the domains only differ by a set of codimension one.

The main similarity between the dynamic models for fracture and debonding is that
the wave equation is coupled with a flow rule governing the evolution of the domain. The
latter arises from an energetic criterion [16] which may be stated as a maximum dissipation
principle [21], or equivalently as a Griffith-type criterion involving the dynamic energy
release rate. In particular, it turns out that the flow rule implicitly depends on the solution
of the wave equation.

In Section 6 we show how the results of the previous sections allow us to rigorously
define the energy release rate (and thus the propagation criterion) for the dynamic debond-
ing model in a quite general setting. More precisely, we introduce the density of the
dynamic energy release rate, which is obtained by a localization procedure; and a cor-
responding local version of Griffith’s criterion, satisfied at each point of the debonding
front.

Our main achievement in this respect is a proper formulation of the coupled prob-
lem of dynamic debonding (wave equation together with local Griffith criterion) which
includes the special cases analyzed in previous papers and may be applied without assum-
ing a special form of the domains. We indeed show how the solutions found in the one-
dimensional [11,32] and radial [23] setting fulfill the formulation proposed here (Theo-
rems 6.11 and 6.12). The well-posedness in the general framework still remains an open
question, due to the high complexity arising from the coupling between the wave equation
and Griffith criterion.

Notation

Throughout the paper, the set of M x M matrices with real entries is denoted by RM>*M |
and the subset of symmetric matrices is ]Rf;’ni‘M . The identity matrix is denoted by /. For
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the transpose of a matrix 4 we adopt the symbol A7. The scalar product between two
vectors w, v € RM is indicated by w - v.

By f we mean the time derivative of a function f = f(¢, x). If f is scalar-valued
we write V f for its gradient with respect to spatial components, represented as a column
vector. If f is vector-valued, we instead write Df for its Jacobian matrix with respect
to spatial components; as usual, each row of Df is the gradient of the corresponding
component of f.

Given an open set E € RM with Lipschitz boundary E, we denote by vz the outward
unit normal to E. If E € R x R¥, as is often the case throughout the paper, we write v%
and v for the time- and space-component of the outward normal, respectively, that is,
vg = (v, vE) e R xRV,

The integration with respect to the Lebesgue and to the M -dimensional Hausdorff
measure is denoted respectively by dx (or dy) and by d#™ . We adopt standard notations
for Lebesgue and Sobolev spaces and for Bochner spaces. Given a Banach space X, we
denote by (w, v)x the duality product between w € X* and v € X. If X = L2(E), we
identify it with its dual and, with a slight abuse of notation, we mean by (w, v)12(g)
the scalar product between w and v. In the case of X = Hol(E), we instead adopt the
convention of rigged Hilbert spaces, that is, for w € L?(E) and v € H}(E) one has

(w, U)HOI(E) = (wv U)LZ(E)-

2. The wave equation on moving domains

For T' > 0, we consider a family {€2;},¢[o,7] of domains in RY, with N € N, that is,
for every ¢t € [0, T] the set 2, C RV is nonempty, open, bounded and Lipschitz. (2.1a)

In some of the results, in view of the applications to debonding models (see Section 6), we
shall also assume that the family {2, };¢[o,7] is nondecreasing with respect to inclusion:

Qs € Q; forevery0 <s <t <T. (2.1b)
We denote the complement of 2; by
Q¢ =RV \ Q,.
Furthermore, we introduce the “space-time” domain @ and its parabolic boundary I by
0= U {t} xQ; and T := U {t} x 0L2;. 2.2)
te(0,T) t€(0,T)

Let us consider the following formal problem for a function u : O — R:
u(t,x)—Au(t,x) = f(t,x), (t,x)e0,
t, = O, t, € Fv
u(t.x) (1.%) 03
M(O,X) = uO(X)» X € QO’

(0, x) = up(x), x € Q.
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The system above consists of a wave equation in the noncylindrical domain @ with forcing
term
f e L*(0), (2.4a)

complemented by initial conditions
uo € Hy (). u1 € L*(Ro). (2.4b)
and a homogeneous Dirichlet boundary condition on I'.

Remark 2.1. All the results within the paper may also be adapted to more general hyper-
bolic equations of the form

i(t,x) —div(A(, x)Vu(t,x)) = f(t,x), (t,x) €0, 2.5

which model, for instance, nonhomogeneous materials. The minimal assumptions on the
matrix A(¢, x) needed to perform all the arguments are contained in the regularity property

A e CHYO;RNXN), (2.6)

sym

and in the uniform ellipticity condition
(A(t, x)w) -w > cq|lw]®> forallw € RV, 2.7

which must hold for all (¢, x) € @ with a positive constant ¢4 > 0.

Since the proofs remain basically unchanged, in order to avoid heavy notations, throu-
ghout the paper we prefer to focus our attention on problem (2.3), that is, with A(¢,x) = 1.
The main changes in the statements are instead highlighted throughout the paper (see
Remarks 2.7, 3.2, 3.4, 5.6, 5.8 and 6.7).

For the sake of clarity, we will also adopt the following convention:

|[wlae,x) == V(AW x)w) - w  forallw e RN,

Notice that by (2.6) and (2.7), the function | - |4, x) defines a norm on R for every
fixed (¢, x) € O.

Since we are working in time-dependent domains it is useful to introduce time-depend-
ent Bochner spaces. Given a family of normed spaces {X;};c[o,7], With a slight abuse
of notation we say that a function v belongs to L?(0, T; X;), with p € [1, +o0], if
v(t) € X, for a.e. t € (0,T) and the map ¢ — |v(t)|x, is in L?(0, T). Notice that
L?(9) = L?(0,T; L?(2;)) by Fubini’s theorem. Using a similar convention for Sobolev
spaces, whenever @ is open one may write

HY(0) = L*(0.T; H (Q,)) N H'(0,T; L*(Q,))
and

H*(9) = L*(0,T; H*(2,)) N H (0, T; H'(Q,)) N H?*(0, T; L*(2)).
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However, we prefer to employ the notation of time-dependent Bochner spaces only when
necessary, and only for spaces of the type L? (0, T'; X;).

We can now give the definition of weak solution to problem (2.3). Notice that prop-
erty (i) of the definition below involves the time-dependent spaces H(2;) and L?(82;),
while property (ii) features usual Bochner spaces of continuous functions with fixed tar-
get. In property (ii) it is understood that we consider the restriction of u to [0, T'] x €2¢ and
of 1 to [0, §] x €. Here and henceforth, all solutions u to equation (2.3) will be extended
to 0 outside ©.

Definition 2.2. We say that u: O — R is a weak solution to problem (2.3) with data (2.4) if
() weL%0,T: H () and 1 € L*(0,T; L2(Q,));
(i) u € C°%J0, T); L?(R)) and 1 € C°([0, §]; H~1(RQ')) for every § > 0 and
Q' C Q¢ open such that [0, §]xQ" € O; in addition, the initial conditions
u(0) = ug and u(0) = u; hold;

(iii) u satisfies
T T
- /0 (G0 () 12 dE + /O (Vu(t). Vi) 2, di

T
- /0 A0 00 12y 1. 2.8)

forevery n € L2(0,T; HO1 (Q,)) with i € L2(0,T; L?(R;)) and n(T) = (0) =0.

Remark 2.3. The regularity assumptions of property (ii), which allow one to state the
initial conditions on position and velocity, are actually consequences of (i) and (iii) under
additional hypotheses on ¢ — ;.

Assume, for instance, that (2.1b) holds, as in Section 2.1. Then, (i) implies that  and u
belong to L2(0, T; L2(S20)), hence u € C([0, T']; L?(R)); moreover, the wave equation
in (iii) implies that ii = Au + f € L?(0,T; H™'(R0)), hence 1 € C°([0, T]; H1(Ry)).

Without assuming monotonicity, a similar argument holds provided there exist dif-
feomorphisms as in (3.1), satisfying (H1); such properties are assumed from Section 3
onward.

In the paper we show how to obtain existence, uniqueness and an energy balance for
solutions u of problem (2.3), in particular to explicitly derive an expression for the energy
variation due to the evolution of the domain (which will be interpreted as the energy spent
during the debonding process). Such energy balance will be crucial in Section 6, where we
present applications to dynamic debonding models. If one assumes existence of a regular
solution as in (2.10), deriving the energy balance (2.11) is a direct computation: we present
it in Theorem 2.4 for the reader’s convenience. A more delicate issue is the rigorous proof
of regularity property (2.10): this will be the aim of Sections 3 and 4. In Section 5 we will
then obtain a more precise statement of the energy balance (see Theorem 5.4).
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Theorem 2.4. Assume (2.1a), assume that O is open with Lipschitz boundary and that
00 =T U ({T} x Qr) U ({0} x Q). (2.9)
Let u be a weak solution to problem (2.3) satisfying the following regularity property:

ue L*0.T:H*(Q) N Hy(R)). e l?0.T:H (Q)). iieL*0.T:L*Q)).

(2.10)
Then, for every t € [0, T] the following energy balance holds true:
1 . 1 vl Vi \2
ST g, + 5 1VHO 12, - /F 1 (3g) Jwur ase
. 1 ) ! ,
= 5””1 ”LZ(QO) + EHVVOHLZ(QO) + o (f(s)»u(S»LZ(QS) ds, (2.11)

where Ty .= {(s,x) e T : s € (0,1)}.

In energy balance (2.11), we recognize in the left-hand side the kinetic energy, the
potential energy and a term corresponding to the evolution of the domain, while in the
right-hand side we see the initial energy and the work of external forces. The integral
over I'; may be positive or negative, according to the geometry of (). If monotonicity
condition (2.1b) is in force one has v§9 < 0; moreover, a typical assumption is that the
growth of the domains is subsonic, that is, [vfy| < v | (in this situation, the set @ is usually
called time-like; see [8—10,28,33,35]). In applications to debonding models, where both
conditions hold, the integral over I'; can be thus interpreted as energy dissipated in the
debonding process.

Remark 2.5. We point out that condition (2.9) is a weak regularity assumption on the
time-dependence of the domain, and it does not hold in general for sets satisfying (2.1).
Indeed, if there is a time-discontinuity at time f¢, the boundary of ( will contain a set
of the form {zy} x D, for some set D. The reader may think, for instance, to the simple
one-dimensional example

t =

(0.1) ifrelo, 1),
0,2) ifrel,2],

in which the set {1} x (1, 2) is contained in d@. In Section 3 we will assume a stronger
regularity condition, which will imply (2.9) (see Remark 3.1).

Remark 2.6. The request of higher regularity (2.10) is needed to give a meaning to
the term in (2.11) representing the energy variation due to the evolution of the domain,
where Vu has to be integrated along the lateral boundary I". A reformulation of this term,
in such a way that the energy balance may be written for genuine weak solutions (i.e., just
satisfying property (i) in Definition 2.2), would certainly be desirable; unfortunately, to
our better knowledge, a suitable rewriting of such term is still not available.



G. Lazzaroni, R. Molinarolo, F. Riva, and F. Solombrino 408

Remark 2.7. Under the additional assumptions of Remark 2.1, the energy balance (2.11)
changes to

L2 1 Yo 2 (Y0 \ 1o, 2]q N
—|lu(z —(A@)Vu(t), Vu(t - —=|IVuly— Vu|” [dH
S0 g0, + 5 AV, Vuw)iay— [ PIvuli=(1%) 19er]

1 1 t .
= Sl 12y + 5 AO Vo, Vuo) 2@y + [0 (F(5), () 2y d
1 [t.
+ 3 /(A(S)Vu(s), Vu(s))2(g,) ds.
0

Proof of Theorem 2.4. By exploiting (2.10), we deduce that u belongs to H?(©) and thus
satisfies
u(t,x)— Au(t,x) = f(t,x) forae.(t,x) € 0.

Multiplying the previous equation by a function ¢ € L2(0, T; H'(Q,)) such that ¢ €
L?(0,T; L*(R2,)) and integrating by parts in the “space-time” domain O, for all ¢ € [0, T
we obtain

(@), o)) 2@, — (U1, 0(0)) 1200

t

~ [ 6.9y @5+ [ (Va1 V52 0
0 0
= [ oDyt — [ (vl = Vu-vg)e ase”.
0 T

Thanks to the regularity provided by (2.10), we can choose as the test function ¢ = 1. We
thus obtain

t t

1220, — 1112200 — /0 (11(5). 1i(5)) L2y ds + /0 (Vu(s), Vir(s)) 2(q,) ds
t
=/ (f(s),u(9)) 120, ds—/ (@)*vly dFeN +/ (Vu-vg)u die™N. (2.12)
0 Ty I,
Integrating by parts in time the integral terms in the first line, we get
o Lo 2 1 2
), 16D 2 45 = 51O, — 511 20y
1
+ —/ ()% vly dae, (2.13a)
2 Jr,
g ) 1 > 1 5
| (Vu(). Vi) 2@y ds = S 1VuOlEagq, = 5 1VH0lEacay)

1
+ E/r |Vu|?vly daeN . (2.13b)
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We now notice that, since ¥ = 0 on I', it must hold that
uvE =vLEVu, HV-ae.onl
o =VoVlU, €. ;
which in particular implies the relations

u(Vu - vl) = vl |Vul?, HN-ae.onT, (2.14a)
@)% vy|? = (v)*|Vul?, HN-ae.onT. (2.14b)

By plugging (2.13) and (2.14) into (2.12), we finally conclude that

1. . 1 1 1
SN2, = 311122y + 5 1VHO 2,y = 51402 ay)

= /0 (0. 2 ds + | , Yl 0 ) Jivup ase.

2 Vol

and thus, the statement is proved. [

2.1. An existence result

We conclude this section by proposing a novel strategy to prove existence of solutions
to the wave equations in noncylindrical domains; see [4] for a similar approach in the
context of parabolic equations. It is based on time-discretization and it does not require
any time-regularity on the growth of the sets 2. However, it is now crucial to require that
the family {Q;}¢[o,7] is nondecreasing, that is, (2.1b) holds. Under these assumptions,
we also obtain an energy inequality (in contrast, the energy balance was obtained before
under stronger regularity hypotheses on the solution).

We stress that our discretization procedure is substantially different (and from our
point of view, simpler and more intuitive) with respect to the (variant of) the classical
minimizing movements approach used for hyperbolic problems, applied, for instance, in
the context of dynamic fracture mechanics in [13]. Indeed, the latter relies on an itera-
tive minimization of a suitable energy, followed by the construction of a piecewise affine
interpolant. In our approach, instead, after the discretization of the time interval [0, T'] we
consider the related piecewise constant evolution of the domains €2, and in each discrete-
time interval we pick the solution of the wave equation in the corresponding cylindrical
domain (see (2.17)). This allows us to employ well-known results for the wave equation
in cylindrical domains.

Before stating the result we recall that, given a Banach space X, the set C2([0, T]; X)
denotes the space of functions u : [0, T] — X which are continuous with respect to the
weak topology of X. Notice that here X is independent of time; in fact, we adopt the
convention that the solutions of (2.3) are extended to zero outside O.
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Theorem 2.8. Assume (2.1) and (2.4). Then, there exists a weak solution u of prob-
lem (2.3) in the sense of Definition 2.2. Moreover,

u € C([0. T): Hy (Qr)).
e L0, T; L*(Q,) N CA([t, T); L3(Q;)) forallt €[0,T).

Furthermore, the following energy inequality holds true for everyt € [0, T]:
1, . 5 1 > 1 5 1 5
5””(””[}(9,) + Ellvu(t)”LZ(Qt) = 5””1 ||L2(Qo) + EHVMOHLz(QO)
!
+/ (f(8).1(5))12(,) ds. (2.15)
0

Proof. We adopt a time discretisation argument: we consider a sequence of partitions
of [0, T'] with vanishing size, thatis, forevery n € N wetake 0 = 1§ <] <--- < t,’c’(n) =T
satisfying

lim sup |t — 1,1 =0. (2.16)

n>F00 k=1,...k(n)

For every k = 1, ..., k(n), we then take “Z as the unique weak solution of the wave
equation in the cylinder (z7_,, ;) x € with initial data uy _(tg_,) and uy _ (17_))
(with the convention ug (0) = uo and 15 (0) = uy), that is,

iy —Aup = f in (¢ _,,17) % Q.
”Z =0 in (t,f_l, t,f) X 89,;:71,
up(tg_y) = up_ (tGF_y),

up(tf_y) = e (1 _)).

2.17)

We adopt the usual convention that u}; is extended to 0 in 27, . Standard arguments show

the following properties:
(i) uf belongs to CO([tf_ . 17']: Hy (7)) N C([1_,. 17]: L*(27));
(i) up(tf_,) = uy_,(tf_,) in the sense of the space CO([t,?_l, il HJ(Qr)) and
uy (1 _,) = uy_, (¢ _,) in the sense of the space CO([t,?_l, ] L2(Qr));
(iii) forevery ne L2(¢f'_ .t Hy (7)) N H'(t7_,.t}: L*(Q7)) such that () = 0
in in, and for a.e. t € (¢/_,,t) it holds that
-1

tn

- [ 6@ ds + [ V6. Va6 ds

n
k—1 k—1

%
= /t (f($).n(s))L2(7) ds
k—1
+ Qg () n(tg_)) 2@y — (g (00). 0 L2 @)
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Furthermore, we have the following energy balance:
(iv) forevery € [t} _,, ;] it holds that
1 . 2 1 n 2
EHMk(I)HLZ(Q[I,C,_l) + §||Vuk(t)|lL2(Q‘1’:—1)
1 . 1
= 5”“2_1 (tk_l)”zz(gt,?,z) + 5Hvuz_l(tk_l)”iz(gt{cLQ
t
[ L, b @.19)
k—1
where we also extended f in the whole of (0, T) x Q7 by setting f = 0 outside O.

In particular, by recalling again that u} (¢) vanishes in Qzﬁ,l and by summing (2.18) for
Jj =2,...,k,wededuce for every t € [t,?_l,t,?]

L . 1
SO oy + 1V 012y
t

1 1 .
— Sl 510yt [ (£ 6 1acag) ds

n
l—1

k .,
+y / (£(9). 171 (9))r2(p) ds. (2.19)
j=2"%-2

For every n € N, we now define

W (t) = uy (1) ift ety _,.t7) forsomek =1,....k(n),

By construction, u” belongs to C°([0, T]; Hy (7)) N C1([0, T]; L*(27)) and satisfies
the following properties:
12 n 3 k(n) n n c c
@) u"=0in kL;Jl[tk_l,tk] X Qti’_l ) tE[L()J,T]{t} x Q¢;
(i) u"(0) = uo in the sense of C°([0, T']; Hy (7)) and " (0) = u; in the sense of
CO([0, T]; L*(R7));
k(n)
(iii’) for every n € C°((0, T') x Q) such that suppn € (J [t]_,. 1) ¥ Q_ it
holds that k=1

T T
- [ (6 (). 7(5)) L2(capy s + f (Vi (5). V() 122
0 0

T
- /0 (F(5). 1)) 2o . 2.20)
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Furthermore, energy balance (2.19) reads as follows:

(iv’) forevery ¢ € [0, T'] it holds that

1 . 1
E ”un (t) ”i2(QT)+§ ” vu'" (t) ||22(QT)
t

1 1 .
= Euul||zz(g,)+5||Vuo||iz(g,)+/o () 0" (D paap ds. 221)

By a classical Gronwall argument, since the forcing term f is in L2((0, T) x Q7), we
thus deduce

1 -n 2 1 n 2
max (510" Olx@p) + 517" Ol 0,)) < €.

tel

This implies the existence of u € L>(0, T; Hy (Qr)) and of u* € L>(0, T; L*(Q21))
such that, up to subsequences (not relabeled), we have

u" —u  weaklyin L*(0, T; Hy (7)),
u" — u*  weakly in L%(0, T; L3(Q7)).

It is standard to show that u* = u. Thus, we deduce the existence of a function
ueL>®0,T; HOl (7)) withw € L>®(0, T; L?>(Q7)) such that

u" —~u weakly in L*(0, T; H} (7)) N H'(0, T; L*(Q1)). (2.22)

Notice that in (2.22) the target spaces are independent of time; however, by property (i’)
we easily deduce that u = 0 outside (), so we get the stronger conditions u € L*°(0, T’;
HJ}(Q,)) and i € L>®(0, T; L*(S2;)). By the continuous embedding

L0, T; Hy (Qr)) N HY(0, T; L*(Q7)) € C([0,T); Hy (7)),

we also obtain u € C([0, T]; HJ (Qr)).

To complete the proof that u satisfies Definition 2.2, we prove (2.8) by passing to the
limit in (2.20) by means of (2.22). Here, a technical issue is that the spaces of test func-
tions in (2.8) and in (2.20) are different. However, given a function n € L2(0, T; Hg (2;))
with 7 € L2(0, T; L?(2;)) and n(T) = n(0) = 0, we can approximate it by a sequence
of smooth functions " as in property (iii’): this readily follows thanks to (2.16) and con-
cludes the proof of (2.8). We finally observe that for every 7 € [0, T') the function u is in
particular a weak solution of the wave equation in the cylinder (¢, T') x 7, and thus it
belongs to C L ([, T1; L*(27)).

We are only left to prove energy inequality (2.15). We integrate (2.21) between arbi-
trary times o, B with 0 <« < 8 < T. By (2.22) and standard lower semicontinuity
arguments, as n — 400 we obtain

B 1 1
o

1 1 Bt ,
= (,B - 0!)(5””1 ”22(90) + §||Vu0||i2(ﬁo)> + / /(; (f(S), M(S))Lz(QT) ds dr.
4
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By the arbitrariness of « and 8, for a.e. t € [0, T'] the above inequality yields

L . 1
§||u(t)||iZ(QT) + Ellvu(t)”iZ(QT)
t

1 1 .
= 3 huliZa ) + 5 1Vu0lZ20y) + /0 (f(5),1(5))2(r) ds. (2.23)

We will now improve (2.23) by providing an energy inequality valid for every time. We
fix £ € [0, T) and consider a sequence #; \, 7 along which (2.23) is satisfied. Since
u € CA[0, T]; H) (Qr)), u € CA([F, T]; L*(Q7)) and Q7 € Qr, again by weak lower
semicontinuity we deduce

| 1 -
EHM(I )”22(95) + EHVM(t )”22(9,-)

.. 1 . 2 1 2
< timinf (5 00 1 2@ + 51V 2 )

1 1 » ! .
= 5””1“142(90) + EHVMOHLZ(SZO) + /O (f(s), u(s))L2(SZT) ds

t

1 1 )
= E”ul ||]2~2(Qo) + E”VUOHEZ(QO) + /(; (f(s),u(s))Lz(QS) ds.
Hence, (2.15) is satisfied for all 7 € [0, T'). Its validity also in 7 = T follows by taking a
larger final time 7' > T, defining, for instance, Q2; := Q7 for ¢t € (T, T] and arguing in
the same way. ]

3. Equivalent reformulation on a fixed domain

In this section we recast problem (2.3) into a hyperbolic problem in a fixed domain
(see (3.5) below). To this end, we adapt the method of diffeomorphisms developed
in [8-10] which was employed more recently, for example, in [5, 12,34].

We thus assume (2.1a) and the existence of two functions

O:[0,T]xQ —>RY, ¥:0 - Q,,

satisfying
D(r, Qo) = Q. W(1, Q) = Qo forallz €[0,7T], (3.1a)
o1, U(t,x)) =x for all (1, x) € O, (3.1b)
V(t, ®(t,y) =y for all (¢, y) € [0, T] x Q. (3.1¢)

®0,y)=y forall y € Q. (3.1d)
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We also assume that they fulfill the following assumptions:
(H1) ®, W are of class C 1! on their domains of definition;
(H2) |®(z, y)| < 1 forevery (z, y) € [0, T] x Qo.
Condition (H2) ensures that the growth speed of the sets €2; is always strictly less than the

speed of the traveling waves of problem (2.3); it is crucial in order to guarantee that the
transformed problem (see (3.5)) is still hyperbolic (see (3.8)).

Remark 3.1. We notice that the existence of such diffeomorphisms automatically implies
that the set @ introduced in (2.2) is open and with Lipschitz boundary; furthermore, (2.9)
is valid. See also Lemma 5.1 and Corollary 5.2.

Remark 3.2. In the nonhomogeneous case depicted in Remark 2.1, the wave speed is no
longer always equal to one. In this situation condition (H2) can be rewritten as

(H2A) |®(t,y)| < /cq forevery (,y) € [0, T] x Qo,
where ¢4 > 0 is the positive constant appearing in (2.7).

In Section 5, when we study higher regularity of solutions to problem (2.3), we will
additionally require:

(H1’) @, W are of class C?'! on their domains of definition.

In the following lemma we summarize some properties of the diffeomorphisms &

and V¥ needed in Theorem 3.9 below:

Lemma 3.3. Let ®, V be as in (3.1) and satisfy (H1). Then, for almost every (t,y) €
[0, T] x Qo the following relations hold:

« DU, ®(t,y)DO(t,y) = 1, (3.2a)
e detDU(r, ®(r, y))det DB(t, y) =1, (3.2b)
o Wt O, y)) = —DW(r, d(t, y))d(t. y). (3.2¢)
o V[det DW(z,)](D(¢, y)) det DO(¢, y)

= —det DU(r, D(z, y)) DV(r, D(t, y)) Vdet DD(2, y), (3.2d)
o (3;[det DW(-, (t, y))](t) + V[det DW(z, )(D(t, y)) - D(t, y)) det DD(z, y)

= —det DY (t, (¢, y)) 9, det DO(z, y), (3.2e)
o V[det DW(z,)](D(z, y)) - (¢, y) det DD(z, y)

= W(t, D(r, y)) - Vdet DO(t, y) det DU (r, D(1, y)), (3.2f)
« 9,detDO(,y) + div(¥(r, (t, y)) det DD(2, y)) = 0. (3.22)

In particular, we notice that
det DO(t,y) > 0 forevery (t,y) € [0, T] x Q. 3.3)

Proof. Relations (3.2a) and (3.2¢) simply follow by differentiating (3.1c) with respect to y
and ¢, respectively. Then, (3.2a) easily implies (3.2b) and (3.3) by (3.1d). Moreover, differ-
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entiating identity (3.2b) with respect to y and using (3.2a), one obtains (3.2d). Similarly,
differentiating identity (3.2b) with respect to ¢, one gets (3.2e). Multiplying both sides

of (3.2d) by Cb(t, y) and using (3.2c), one also deduces (3.2f). Finally, we prove (3.2g):
by (3.1b), fora.e. t € [0, T] and x € €, it holds that

d
tr[E(DQD(t, \If(t,x)))] —0.

The above identity can be written in components as

N N
D 0P (1 W, X)W (. x) + Y ;P V(. x))0; W (2, x)

i,j=1 i,j=1
N
Y 00D (W X)) P (1,.)0; W5 (1, (1. x)) = 0.
i,j,k=1

Setting x = ®(z, y), we now get

N N
D00, )W DY) + Y 0Pt 1) (1, D2, )

i,j=1 i,j=1
N
+ ) 0k it y) Wit (1, 9))0; ¥y (2, ) = 0.
i,j,k=1

Finally, we multiply the previous equality by det D ®(¢, y) and apply the Jacobi identity
dr det M(r) = det M(t) e[ M (1)~ "9, M(1)],
with M(¢t) = D®(t, y). Thus, we deduce (3.2g). |
Given a weak solution u of problem (2.3), we now consider the auxiliary function
v(t,y) ;= u(t,®(t,y)) forall (t,x) e [0,T] x Q. (3.4a)

Equivalently,
u(t,x) =v(t,¥(,x)) forall (¢,x) € O. (3.4b)

This change of variables yields the following problem with fixed domain:

i —div(BVv)+a-Vv—=2b-Vo=g in(0,T) x Qo,
v=20 in (0, T) x 092,
v(0) = vo,
v(0) = v,

(3.5)
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whose coefficients are given by

B(t,y) := DW(t, ®(t, y))DW(t, ®(t, y))T — V(t, D(r, y))  W(r, D(z,y)), (3.6a)
a(t,y) = —{B(t.y)TVdet DO(t, y)

+ 3;[b(t. y) det DD(z, y)|} det DY (z, D(t., y)), (3.6b)
b(t,y) == —W(t, D1, y)): (3.6¢)

the forcing term is
g(t,y) == f(t,2(,)); (3.6d)
and the initial data are defined by

Vg := Ug, V1 :=U]+ CD(O, ) - Vuy. (3.6e)

Remark 3.4. If the equation under study is (2.5), the only change in the new coefficients
is given by

B(t.y) = DW(t, D(1. y)A(t, D(t, ) DW(t, D(t, y)) — V(1. B(t, y)) ® U(t, D(t, y)).
We also refer to [12, (2.29)] for a comparison.

The following proposition shows the regularity of the new data:

Proposition 3.5. Assume (2.12) and (2.4) and let ®,V be as in (3.1) and satisfy (H1). Let
relations (3.6) hold. Then,

B € C¥([0.T] x Qo: RIxM). (3.7a)
a e L*®([0,T] x Qo:RY), (3.7b)
b e C%([0,T] x Qo:RY), (3.7¢)
g € L*((0.T) x Qo). (3.7d)
vo € Hy (), v1 € L*(R). (3.7¢)

Moreover, if (H2) is also satisfied, then B is uniformly elliptic, that is, there exists a
positive constant cg > 0 such that for every (t, y) € [0, T] x Q¢ one has

(B(t.y)w)-w > cg|lw|*> forallw e RV, (3.8)

If in addition f € H'(O) and (H1") is fulfilled, then it holds that

B € CV([0,T] x Qo: RYXM), (3.92)
a e COY ([0, T] x Qo; RN), (3.9b)
b e CV([0,T] x Qo;: RY), (3.9¢)

g€ HY0,T; L*(Q)). (3.9d)
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Proof. Regularity properties (3.7) and (3.9) directly follow from the explicit expressions
in (3.6) together with (H1) and (H1"), respectively. For ellipticity property (3.8) we refer
to [23, Lemma B.3]. [

To deal with problem (3.5) we introduce two equivalent notions of solution (see Propo-
sition (3.8)), whose terminologies are consistent with the one introduced in [13]. Defi-
nition 3.6 is the analogue of Definition 2.2 in the current context, while Definition 3.7
does not involve integration by parts in time (as is classical in the analysis of hyperbolic
problems; see, for instance, the textbooks [15,27]). The first notion is useful to show
the equivalence between problem (2.3) in a moving domain and problem (3.5) in a fixed
domain. The second notion is more suited to the Galerkin method and will be used in
Section 4 to obtain higher regularity.

Definition 3.6. We say that v : [0, 7] x Q¢ — R is a weak solution of problem (3.5) with
data (3.7) if
(i) veL?0,T;H}(Q0))andv € L?(0,T; L*(Qp));

(i) v(0) = vg in the sense of C°([0, T]; L?(R)) and ©(0) = v; in the sense of
CO([0, T]; H~1(R0));

(iii) v satisfies
T . T
—/0 (i)(t)v%'([))Lz(Qo)dl-i-/(; (B(t)Vu(t), VE(1)) L2(g,) dt
T

T
+ / (a(t) - Vot). E(1)) L2 i + 2 / (5(0). div(b(EWD))) 12y A
0 0

T
- /0 (g0 E(D)) 12y 1. 3.10)

for every § € L%(0, T; Hy (S20)) N HJ (0, T; L?(RQ)).

Definition 3.7. We say that v : [0, 7] x Q¢ — R is a strong-weak solution of problem (3.5)
with data (3.7) if
(i) velL*0,T;Hy(Q)), v € L20,T; L%(Q)), and i € L2(0,T; H'(Q));

(i) v(0) = vy in the sense of C°([0, T]; L?(R0)) and ¥(0) = v; in the sense of
CO([0. T]: H™(RQ0));

(iii) v satisfies
(U(0). @) () + (BOVV(1). V) 12(0q) + (a(t) - VV(1). ) 12(0)
+ 2(0(1). div(b(1)@)) L2(2q) = (8(), P)L2(20)- (3.11)
fora.e.r € [0, 7] and for every ¢ € Hj (Qo).

The next proposition shows the equivalence of the two notions of solution just intro-
duced.
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Proposition 3.8. Assume (3.7). Then, a function v is a weak solution of problem (3.5)
in the sense of Definition 3.6 if and only if it is a strong-weak solution in the sense of
Definition 3.7.

Proof. First, assume that v is a strong-weak solution and fix a function
§ € L2(0.T: Hy(Q0)) N Hy (0. T: L*(R0)).

Then, £(1) € H{ () for almost every ¢ € [0, T] and (3.11) holds with ¢ = &(¢). Inte-
grating by parts in time, we obtain that

T T T
[ (e e0@p @t == [ 600D ar+ [ (BOVI0). Ve 120
T T
+ [ a0 Vo0 60Ny +2 [ 50 GOE )20 bt
0 0
and so we conclude that v is a weak solution.

We now prove the reverse implication. Let v be a weak solution. We first prove
that # belongs to L2(0, T; H™1(Qy)). Since v € L2(0, T; L*(RQ)), a priori we know
that § € H~1(0, T; L?(R)) as a distributional derivative. By definition, it acts in the
following way:

T
(U.8) m10.1:2(00) = —/0 (0(1),6()) 2@t forall & € Hy (0, T; L?(R0)).

We now fix £ € L2(0, T; H} (Q20)) N Hy (0, T; L*(S20)). Hence, (3.10) states that

T .
_ /0 (0(2). (1)) L2(0) df
T

T
- /0 (B)V0(1), VE) 12y d — /0 (a() - Vo0, £(1)) 1) d
T T
- 2/ (), div(b()&(1))) L2(Q0) df + / ((1),6(0)) 2@y dt.  (3.12)
0 0
Due to (3.7), by developing the divergence term

div(b(1)&(1)) = div(b(1)) §(t) + b(1) - VE(1),

we conclude that the following inequalities hold:

T
[ B@ve. Ve a

< IBllz=(o,1)x20) IVVIIL200,7;:220) | VE I L200,7;12(20)) » (3.13a)
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T
/0 {a(r) - Vu(0),£(1) L2(0) d"
= llallzeo.r)x20) IVVllL200,7:22(20) 1§ L2 (0.7:22 (201 (3159
T
/0 (0, VB OEO) L2y d| = (14VB) oo, 71x20) + 1B lLo(0,7x00)

X ||o ||L2(0,T;L2(QO)) I& ”LZ(O,T;H(} (Q0))° (3.13c)

T
/ (8(0), (1)) L2(0) dl) < lgllzz0,7:L2 200 11120, 7:22(220))- (3.13d)
0
Hence, there exists a constant C > 0 such that

(0. &) g 0,7:22 @00 | = ClIENL20,7: 1 (20))-

By the density of L2(0, T; Hg (Q0)) N Hy (0, T; L?(R2)) in L?(0, T; Hy (Rp)), we con-
clude that ¥ is in L2(0, T; H~1(Qy)).

Employing an integration by parts in time in (3.12), which now is allowed, we then
deduce that

T T

T
/ (8(1). E1)) 2y df = / (5(0), §(0) 1320 I + / (B(Vo(1). V(D)) 12 i
0 0 0
T
+ f a(t) - Vo), E0)) 2y A
0
T
+2/0 (i)(t),diV(b(t)S(t)))Lz(QO)dt, (3.14)

forevery £ € L2(0,T; Hy (Q0)). Now let {¢h }nen € H|} (€20) be a countable dense subset
of H((€20) and consider, forn € N and 7 € [0, T, the following properties:

t+h
tim [ (56). dudng 85 = (0. dn)ngiany (3.150
h—0t t 0 0
t+h
hl_i)r})1+ t (B(s)Vu(s), V) 12(0,) ds = (B(H)VV (1), Vdu)12(0) (3.15b)
t+h
hlir31+ {a(s) - Vu(s), dn)L2(9,) ds = (a(t) - VU(t), dn)L2(0): (3.15¢)
g t
t+h
hl—i>n01+ t (0(s), div(b(s)Pn)) 12(20) A5 = (0(2), div(D(t)Pn))L2(20)- (3.15d)
t+h
hl_iglJr[t (g(5), Pn)12(20) A5 = (8(1), n) L2(20)- (3.15¢)

For every n € N, we now define the following set:

Ay = {t € [0, T] : relations (3.15) hold}.
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By the regularity of v and of the data, we have that A,, has full measure; hence, the set

Z:= )2z, with Z,:=[0.T]\ 4,
neN

has null measure. By considering the functions
1
1//z'(s) = Egbn Xiti+h(s) forallh>0,neN,re€[0,T]\Z

and testing (3.14) by £ = 1/f,}ll € L2(0,T; Hy (0)), we thus obtain
1 [it+h 1 [tt+h
Ot [ BOTI. Vi ds
1 [ith o [tth
[ @) Vo0 g s+ [ ). b6 @y &

t+h
= %/ (g(8). Pn)r2(@edt forallh>0,neN,te€[0,T]\Z.
t
Letting h — 0%, fort € [0, T]\ Z we now get
(V) b)) T (BOVV(1), Vou) 20, + (a(t) - V(). §n) L2(20)
+ 2(0(2), div(b(t)n)) 12(20) = (&(1). Pn)12(020)-

for every n € N. By the density of {¢, }nen in HO1 (£29), we finally conclude that v is a
strong-weak solution. Hence, the proof is complete. ]

The main result of the section is contained in the next theorem, which states that
problems (2.3) and (3.5) are actually equivalent.

Theorem 3.9. Assume (2.1a) and (2.4) and let ®, ¥V be as in (3.1) and satisfy (H1).
Then, u is a weak solution of problem (2.3) in the sense of Definition 2.2 if and only if
the corresponding function v defined as in (3.4a) is a weak solution of problem (3.5) with
data (3.6) in the sense of Definition 3.6.

Proof. Let u be a weak solution of problem (2.3) and let v be defined by the change of
variables @ as in (3.4a). Let

£e L*0,T; H (R0)) N Hy (0, T; L*(Q)).
Then, consider the test function defined by
n(t,x) =&@, V(t,x))det DU (z,x) fora.e. (¢,x) € O.

Observe that by hypothesis (H1), clearly n € L?(0, T; H} (2,)) with 7j € L?(0, T; L?(R2;))
and n(T") = n(0) = 0. By (3.4b), the following relations hold for a.e. (¢, x) € O:

u(t, x) = o(r, W(t, x)) + Vo(r, ¥(t, x)) - W(t, x),
Vu(t,x) = DW(r, x)T Vu(t, ¥(t, x)).
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Hence, by (2.8) we get

- fOT<o(z, W(t, ) + Vo, (@, ) - ¥, ), %[g(z, W(t,-)) det DW(s, )])

L2(22:)
J1
r T
+/0 (Dwe. ) Vv(t,\IJ(t,-)),V[E(l,\IJ(t,-))detD\IJ(t,-)]>L2(Qt)
J2
T
=/0 (f(.)). 6@, W(t,-)) det DW(t,"))12(g,) dt. (3.16)

Then, by the change of variables x = ®(z, y) and using identity (3.2b) of Lemma 3.3,
we get
T

T
/O (£t . (1, )) det DU(E. ) 12 df = /0 (g(t. ). £(t. N iaag i (3.17)

In order to conclude the proof, we shall prove that J; + J, coincides with the left-hand
side of (3.10). We start by considering the term J,. Expanding the term

V[E@, W(t,-)) det DW(t, )]
yields

V[E(r, ¥ (z,-) det DW(t, )]
= DW(t, ) VEE, W(t,) det DW(1, ) + £(t, W(¢,-) Vdet DW(r,-).

Performing again the change of variables x = ®(¢, y), by (3.2b), we obtain
T
Iy = / (DW(t, @(t,)) Vu(t,-), DY, D(1, )T VE(E, ")) 120 df
0
T
+ / (DY (t, D(t, '))TVv(t, ),6(t,) Vdet DU (¢, D(¢,-)) det DD(2, ) 2(g,) dt-
0
Then, by (3.2d) in Lemma 3.3, we deduce that

T
Js =/0 (DW(t, ®(t,-)DY(t, D(t,))  Vu(t,-), VE(, ) 12 df

T
—/ (DWU(t, ®(1,-))DW(r, D(t,-)) Vou(r, ),
0

E(t,-) Vdet DO(t,-) det DY (z, B(2,+))) 12(g,) dI.

We now consider the term J;. Expanding the term d% [E(z,W(t,-))det DW(2, )] yields

%[g(r, W(t,-)) det DW(t, )] = £(z, W(t,-)) det DW(t, ")
+ VE(, W(t,-) - W(r,-)det DW(r,-) + £(t, U(z,-)) 3, det DW(r, ).
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Arguing as before, we obtain
T . T .
J1 = —/0 (V(1,), &) L2 (0 df — /0 (V(,-), VE@, ) - W(t, (1, ) L2(Qp) df
T
—/ ((t,-),&(¢,-) 9, [det DW (2, )|(P(z,-)) det DD(z, ) 12(qy) dt
0
T . .
— [ 009 80,009 0.9 10 @
T
- /0 (VU([, ) : lI.l([’ q)(t’ ))7 Vé(t’ ) : lIJ(t’ q)(t’ '))>L2(Qo) dt

T
—/0 (Vou(r,-) - W(t, (,-), £, ) 0;[det DW(z,-)](D(2,-)) det DD(2,-)) 12(q,) dI.

Then, by identity (3.2e) of Lemma 3.3, we deduce that
T . T .
J1 = —/(; (0(2,-), (@, ) 12(0q) dt —/(; (0(t,-), VE@, ) - W(t, D(1,4))) L2(0,) A1

T
+/ (0(t,),&(t,-) 0, det DD(t,-) det DW(t, D(2,))) L2(g,) dt

o
~

+/0 (v(z,-),E(,-) V[det DU (2, )](D(z,-)) - d)(t,-) det DD(1,)) 12(q,) dt

J
J

T
+ / Vo) - (e, ®(1,-),£(, ) ; det DB(1, ) det DY (2, B(1,-))) 12(qp) d!
0

]

(=}
~

(W(r, ®(1, ) @ W(r, D(z, ) Vu(t,-), VE(L, ) L2(90)

(=}

(Vo(t,) - B(t, D1, ), E(2. ) 1200 dF
{

T .
+/ (Vo(e,-) - ¥(t, O(2,)),
0
E(t,) V[det DU (z, )] (P(z,-)) - d>(t, ) det DO(z, ) p2¢q dt. (3.18)

We now notice that, in light of relation (3.2f) of Lemma 3.3, we can rewrite the last
summand of (3.18) as follows:

T
/0 (Vu(t,) - W(t, @(t,-)),£(t,-) V[det DU (t,)](D(z, ) - D(z,-) det DD(, ) 2(p) At

T
=/ (U, ®(1,-) @ W(t, d(t,-))Vul(r, ),
0
£(t,) Vdet DO(t,-) det DY (t, D(t,-))) 2(q,) d-



Wave equation on moving domains and dynamic debonding 423

The fourth summand of (3.18) can instead be rewritten as

T
/0 (0(¢,),E(t,+) V[det DU (2, )](P(t, ) - Ci>(t, ) det DD(t,-)) 12(qy) dt
T
=/ (b(t,-),é(t,-)\il(t,d)(t,-))-Vdeth)(t,-)detD\I/(t,d)(t,-)))LZ(QO) dr.
0

By using (3.2g) in Lemma 3.3 (keeping in mind also (3.2b)), the sum of the third and the
fourth summand in (3.18) gives

T
/ (f)([,'),é(l,') at detD(ID(t,-)detD\IJ(t,CD(t,-)))Lz(QQ) dr
0
T
+ / (5(1.).£(0.) W(t. D1, )) - V det DB, ) det DY (1, B(t.))12(q) dr
0
T
= —/0 (0(1.).6(2,) div (P (1, D(1.))) 1 ) - (3.19)

We finally consider the second and the fifth summand of (3.18). We split the term
W(r, ®(t, y))E(, y) into

B @ DEC ) = (BB EE ) — (50 D )EC )

and rewrite the term £ (¢, y) div(¥(r, D(z, y))) + VE(r, y) - U(¢, ®(z, y)) (cf. the second
summand of (3.18) and right-hand side of (3.19)) as

£, y) div(W(1, D, ) + VE@, ) - ¥(t, D1, ) = div(¥(t, D2, y)E(1, ).
Finally, integrating by parts in space and in time, we conclude that
T
— [ 0509, V50 00,00 Moy o
T
—/0 (0(2,-), 6, ) div(¥ (2, D1, ) L2(0p) d
T .
— [ 900 400,009,609 2y &
T
= —2/ (i)(t,-),div(\il(t,@(t,-))é(t,-)))Lz(Qo) dt
o i
+ /0 (Vo) - (5 ¥ o). £, .)>L2(QO)

Hence, recalling expressions (3.6a), (3.6b) and (3.6¢), we deduce that

T _ T
Ji+ Jp = —/0 (), E(1))L2(,) dt +/(; (B(t)Vu(t), VE@)) L2(0) dt
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T

T
+/ {a@) - Vo(r).§@)) L2@q) d +2/ (0(2), div(b(1)§(1))) L2(0,) dF
0 0

which, due to (3.16) and (3.17), yields the conclusion.
Using the very same argument, one can prove the reverse implication, thus the proof
is complete. u

4. Nonautonomous hyperbolic equations

In this section we focus on hyperbolic problem (3.5), independently of its relation to the
original problem given by the explicit formulas in (3.6). We employ the classical Galerkin
method in order to obtain the higher regularity we are looking for. In Section 4.2 we
show the first basic estimates, which also provide a way to prove existence of strong-weak
solutions to the problem under consideration. In Section 4.3 we refine such estimates,
strengthening the assumptions on the data and finally deducing more regularity for the
solutions previously obtained.

We thus consider problem (3.5) with nonautonomous coefficients B, a, b, forcing
term g and initial data vy, v; satisfying (3.7) and (3.8). We tacitly assume throughout the
whole section that

the set 29 € RV is nonempty, open, bounded and with Lipschitz boundary.  (4.1)

Moreover, the definitions of weak solutions and strong-weak solutions are the ones given
in Definitions 3.6 and 3.7, respectively.

4.1. Galerkin approximation

The Galerkin method consists in projecting problem (3.5) onto finite-dimensional spaces,
and in finding uniform estimates on the lower-dimensional problems which allow us to
retrieve information on the infinite-dimensional one.

To this end, let {wi }ren S H2(Q0) N H{ (Q20) be the set of eigenfunctions of —A
in Hy (o) normalized in L?(2). It is a standard fact that they form an orthogonal basis
of Hy (o) and an orthonormal basis of L?($2¢). Furthermore, by their very definition,
for every k € N they fulfill

(Vo, Vwr)12(0,)

for all ¢ € HL(Q). 4.2)
v 2 0
” wk”Lz(Qo)

(9, wi)L2(90) =
For every m € N, we seek functions d;" € H 2(0, T) such that the function defined by

V(1) =Y dP(O)wy € H*(0.T: H*(Q0) N Hy (Qo)) 4.3)
k=1
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satisfies for every k = 1, ..., m and for almost every ¢ € [0, T'] the finite-dimensional
version of problem (3.5), namely,

(™ (1), W) gl (o) T (B(t)Vu™ (1), Vwi ) L2(qq) + (a(t) - VU™ (), wr) 2(qq)
—2(b(t) - VO™ (1), W) 12(Q0) = (€(). Wi)L2(R20)- 4.4
with initial conditions
dlzn(O) = (vo, wk)LZ(Qo)» (4.5a)
d"(0) = (v1, W) 120 (4.5b)

Comparing (4.3) and (4.4), we obtain an auxiliary ordinary differential equation whose
(time-dependent) coefficients are given by
B (1) := (B(t)Vwr, Vwi)r2(Qq)
anc(t) := {a(t) - Vwr, wi) L2(Qq)-
and
bi(t) .= (b(t)-Vw;,w
w(0) := {b(0) Wk L2(20) forae.t € [0,T]andall /,k € N.
g(t) = (g(t), wi)r2(q)

Then, by classical results on linear ordinary differential equations, for every m € N there
exists a unique m-tuple of functions

d™ = (d",....d") e (H*0,T))"
satisfying
dr (o) —2 37, b (1) dJ (1)
+ D TL 1 (Bik(t) + aie (1))d]" (t) = gi(r) forae.r €[0,T],

d(0) = (vo, Wk)12(0)-
di'(0) = (v1, wk)12(Q0)-

(4.6)

so that the corresponding function v™ defined by (4.3) satisfies equation (4.4) for almost
every t € [0, T].
4.2. First estimates and existence

The goal now is finding suitable uniform estimates on the functions v™. We start with the
following proposition:

Proposition 4.1. Assume (3.7) and (3.8). Then, there exists a constant C > 0 (independent
of m € N) such that

sup. (197012, + 10" Ol ) = € @)

0<t<
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Moreover,
™ is uniformly bounded in L*(0, T; H™'(Q0)). 4.8)

Proof. The proof is rather standard; see [15], for instance. We however present it in detail,
since similar estimates will be employed in the (more involved) proof of Proposition 4.9.

Consider equation (4.4) satisfied by v™, then multiply it by d,i" (t) and sum from
k =1,...,m. Fixing ¢t € [0, T] and integrating with respect to time over (0, z), we thus
obtain

t

t
[ 6765 Nigean s+ [ BOTI0). Vi) ds

J1 Ja
t

+ / (a(s) - Vo™ (s), 0™ (s)) L2(qq) ds —2/ (b(s) - VO™ (s5), 0™ (5)) L2(020) A8
0 0

J3 n
t
— [ (0. 0"z ds.
0
Js
Let us consider each of the terms Jq, ..., J5 defined above. For the term J;, we have

L . L . L .
/0 (). 5" (5D gy 45 = 515" O @) = 519" O (g

We notice, moreover, that || (0)”22(90) < |lv1 ||i2(90) by (4.5b).
As for the term J5, by the symmetry of the matrix B and integration by parts in time,
we have

t 1
/(; (B(s)Vu™(s), VO™ (5))12(0,) ds = E(B(I)Vv”’(t), Vo™ (1)) L2(Qq)

1
_ §<B(O)Vv'”(0), Vo™ (0))22(@,)

1.
—5/0 (B(s)Vv™(s), Vv™(5)) L2(qq) ds.

Moreover, by (3.8) and (3.7a), we deduce that

1 CB

3 (BOVY" (). V™ (0) 2(20) = 7 V" (07 2q)-
1 1

S| (BOYY"(0). Vo™ (0) 2(20)| = 51BO) (@0 70" O 72 (gy)-

1 [t . 1 . t
5 /0 (B6)To™(5), V" () 1220 85| = 5 1B l(0.r7020 fo 1767 (5)]122 g -
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We notice, in particular, that | Vo™ (0)”22(90) < ”VUOH%Z(S%) by (4.2) and (4.5a).
As for J3, by (3.7b), we have

‘/Ot(a(s) Vo™ (5), 9™ (5)) L2(0) ds’

< lalim@rya) [ (17Ol + 1906 qy) 3.
0

Regarding J4, we observe that for each s € (0,7) one has v (s) € H{ (o), and hence,
integrating by parts in space and exploiting (3.7¢c), we get

2| /0 (b(s) - VI (5), 57 0)) oy | = | [0 (b6). V5P
--/ V(). 117 (6) )13 8]

t
< [av®loman [ 1576) g, B
0

Finally, for the term Js, by Young’s inequality we readily deduce that

t _ 1 [
[ e 6Nian 5] = 51l rinan + 5 [ 157" 6) gy o

By the estimates obtained for Jy, ..., Js5, we deduce that there exist positive constants ¢
and ¢, such that for every ¢t € (0, T), it holds that

t
. CB .
||Um(t)”22(90) +7||va(f)||iz(gzo) 561"'62/0 (”vm(s)”zz(go) + ||va(s)||iZ(Qo))ds'

By a classical Gronwall argument together with Poincaré inequality, we deduce the exis-
tence of a constant C > 0 such that (4.7) holds true.

In order to conclude the proof, it remains to prove (4.8). Fix w € H{(S2) such that
||w||H01(QO) < 1. Now write w = wz'l’) + wZ’z’), where wf’{) € span{wy j—, and where
(wg), Wk )r2(Q,) = 0 forevery k € {1,...,m}. Due to (4.2), we have ||w2’;)||H(}(QO) <1.
Then, by (4.3) and (4.4), we obtain

(0™ (1), w)HOl(QO) = (" (1), wf'f))Lz(szo)

—(B(O)VV™ (1), Vwiiy) r2(9q) — (at) - VO™ (1), w(ly) L2(20)
+2(b(1) - VO™ (1), why)) L2 0) + (€0), w(i))L2(20)

—(B(O)VV™ (1), Vwiy) r2(9q) — (a(t) - VO™ (1), W) L2 (o)
—2(0™ (1), div(b(@)w(})))L2e) T (8(1), W(Ty)L2(0)-

Then, using again (3.7), exploiting (4.7) and recalling that || wz’l’) ”H(} (@) = 1. the previous
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equation yields

T
m 2
176y ds = €,

for a suitable positive constant C. Here, we do not detail the estimates, as they are similar
to (3.13) in Proposition 3.8. ]

As a simple corollary we deduce the following result:

Theorem 4.2. Assume (3.7) and (3.8). Then, there exists a strong-weak solution v for
problem (3.5) in the sense of Definition 3.7 which fulfills
v e (0. T]: Hy (R0)),

v € C2[0,T]; L*(R)). @9

Proof. By the uniform bounds obtained in Proposition 4.1, one deduces the existence of
a subsequence (not relabeled) such that

V™ — v weakly in L2(0, T; Hy (R0)) N H'(0, T; L*(Q20)) N H*(0, T; H(Q)).

By integrating (4.4) with respect to time, letting m — 400 and recalling that {wg }ren
is a basis of HO1 (), it is easy to conclude that the limit function v is a strong-weak
solution to problem (3.5). Regularity property (4.9) follows by classical embeddings, as
in the proof of Theorem 2.8. ]

By slightly strengthening the assumptions on the coefficients, a uniqueness result is
also available. Notice that (4.10) below is implied by (3.9b) and (3.9¢).

Proposition 4.3. In addition to (3.7) and (3.8), assume that
aecCO ([0, T]xQo:RY) and divh € C*1([0, T]; L%°(R)). (4.10)
Then, the strong-weak solution to problem (3.5) is unique.

Proof. The proof is based on an argument introduced by Ladyzenskaya in [20]. For details
we refer to [12, Theorem 3.10]. [

For the sake of completeness, we also present a result regarding the energy balance for
weak solutions to problem (3.5), which can be proved by following [12, Proposition 3.11].
Unfortunately, this energy balance is not easily transferable to problem (2.3) with moving
domains.

Proposition 4.4. Assume (3.7) and (3.8) and let v be a weak solution of problem (3.5)
satisfying (4.9). Then, for every t € [0, T] we have

1, . 1
IOz, + 5 BOVUE), Vo) 122y
1

1
= 5||v1 ||zz(90) + E(B(O)Vvo, Vo) 120 + RIVI(), (4.11)
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where the remainder is given by
t 1 . .
R[v]() = /0 E(B(S)VU(S)’ Vu(s)) 2 — (a(s) - Vu(s), 0(s)) 12(q,) ds

+ /0 (—(divD(s), [6()1) L1 (@) + (8(5), D(5))2(@q)) d5-

Remark 4.5. The energy balance given in (4.11) allows us to slightly increase the regu-
larity of the solution v obtained in Theorem 4.2, which actually fulfills

v e CO0, T): HE (Q0)).
v e C°([0, T]: L*(R0)).

This easily follows by the weak lower semicontinuity (with respect to ¢) of the left-hand
side of (4.11) (we recall (3.7a) and (3.8)) combined with the continuity of the right-hand
side, which indeed yields convergence of the norms.

4.3. Further estimates and higher regularity

We now improve previous estimates, assuming that the data of the problem satisfy the
stronger assumptions (3.9). As a byproduct, we deduce more regularity for strong-weak
solutions to problem (3.5). As for the initial data, we require:

vo € H*(Q0) N Hy (o) and vy € Hy(Qo). 4.12)
We also need to assume that
Qo is convex or of class C2. (4.13)

The latter assumption is used in Lemma 4.8 below.

Remark 4.6. In the next section we will apply our results to a family of moving dom-
ains 2, satisfying (2.1a) and (4.13). From this point of view, it may be surprising to notice
that the convexity assumption on €24 allows one to circumvent other regularity assump-
tions on the domains. In particular, one may consider a family €2, of merely Lipschitz,
nonconvex domains, such that they can be mapped into a single convex domain through
changes of variables as in (3.1), satisfying (H1) and (H2). Unfortunately, it is difficult
to characterize the class of sets fulfilling such properties, however, this method gives in
principle the possibility to deal with irregular domains in concrete cases.

Remark 4.7. Under these stronger assumptions, the functions d;" solving (4.6) are of
class H3(0, T), so v™ belongs to H3(0, T; H*(0) N HO1 (20)).

We start by stating a lemma on elliptic regularity which will be used in Proposition 4.9
below.
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Lemma 4.8. Assume (4.13) and let B € CV1(Q0; RNXN)) be elliptic with ellipticity con-

Ssym
stant cg. Then, there exists a positive constant D, depending only on Qo, cg, and

”EHCIJ(EO?R%)SN)’ such that
5||div(§VZ)||L2(QO) = ||Z||H2(QO) forall z € Hz(QO) n H()I(QO)

Proof. This is a classical result on elliptic regularity which can be proved through the
difference quotient technique, as in, for example, [18]. In particular, the case of €2¢ of
class C? is contained in [18, Sect. 2.3-2.4]. Furthermore, if Q¢ is convex and of class C2,
we stress that the constant D may be chosen in such a way that the dependence on 2
only involves its diameter (this can be found in [18, Sect. 3.1]). The dependence just on
the diameter allows one to extend the result to the case of ¢ merely convex without
further regularity of the boundary, by a standard method of approximation by convex
C?-subdomains (see [18, Sect. 3.2]). [

With this tool at our disposal, we are now in a position to deduce higher uniform
estimates for the functions v™.

Proposition 4.9. Assume (3.8), (3.9), (4.13) and (4.12). Then, there exists a const-
ant D > 0 (independent of m € N) such that

sup. (5™ Ol1Z2(@g + 197 (D733 0y + V" ONz2() = D-
0<t<

Proof. Defining V™ := 9™ and recalling Remark 4.7, we know that
V™ e H*(0,T; H*(Q20) N Hy ().
By differentiating (4.4) with respect to time, we obtain

(V™ (1), wi) g ) + (BOVV™ (), Vog) L2 + (BOVY™ (1), Vg L2(gq)
+ {a(r) - Vo™ (1), wie) 29 + (a(t) - VY™ (1), wic) L2(0)
—2(b(t) - VV™ (1), wi) L2g) — 20b(t) - VV™ (1), wk) L2(0)
= (€(t), wr)r2(00)- (4.14)
Now multiply (4.14) by d,Z" (t) and sum from k = 1,...,m. Fixing ¢ € [0, T] and integrat-
ing with respect to time over (0, ), we obtain

t

/0 (Vm(s),l‘/m(s))H&mo)der /0 (B(s)Vv™(s), VV™(5)) 2 (00)

J1 JZ
t

+ / (B(s)VV™(5), VV™(5)) 2(00) d5 + [ (@(s) - Vo™(s), V"™(s)) 12(qy) ds
0 0

J3 Ja
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+ / (a(s) - VV™(s), V"™(s)) 2(qy) ds — 2 / (b(s) - VV™(5), V™(5)) L2(q20) 4
0 0

.15 J6
t . . t .
2 / (b(s) - VV™(5). V7 (5)) 20 ds = / (8(5). V() 12y d.
0 0
J7 Js

Next we estimate each of the terms in the previous identity. For J;, the following holds
L I, |,
0 (V (S)’ |4 (s))HOl(QO) ds = E”V (t)”LZ(QO) - EHV (O)HLZ(QO)-

We claim that

V™0l 22(00) < I1€(O)llL2(020) + la(0)llzoo0) I VV0ll22(00)
+ 2[16(0) |z @0 I VV1llL2(00) + 1PB(0)||Lx(20) [ VVollL2(020)
+ C|B(0)[ILo(2o) Vo ll 2(0q)- (4.15)

We assume for the moment that the claim is true, and continue by estimating J,: integrat-

ing by parts in time, we have

/0 (B(s)Vv™(s), VV"™(3)) 2 () d5
= (B(t)Vv™ (1), VV"™ (1)) 12,) — (B(0)VV™(0), VV™(0)) 2(00)

—[0 (B(s)Vv™(s), VV™(5)) 12(020) ds—/o (B(s)VV™(s), VV™(5)) 12(qy) d-

Furthermore, by the uniform bound for Vv™ provided in Proposition 4.1, by (3.9a) and

by Young’s weighted inequality, the estimates

(B@)V™ (1), VV™ (1)) L2(2)]
1Bl (0,1)x20) IVV" | L2(20) IV V™ (D) | L2(020) (4.16)

c . 1
5||B||Lm((O,T)XQO)(E + g||vvm(t)||iz(90)) for all & > 0,

{B(0)VV™(0), VV™(0)) 120 | < II1B(0) oo (020) I VO™ (0) [l L220) IV V™ (0) | 2(02y)
< NIBO)|lzo(0) IVVollL2(20) VU1 lL2(020)

IA

IA

t
JRLO ORI OIS ds\
1 m
= S1Blmorxan (CT + ||w (1220 45)

[ 36wy 6. vV, ds| < 1Blimoarsan [ 19V O)lExy &



G. Lazzaroni, R. Molinarolo, F. Riva, and F. Solombrino 432

hold. As for the term J3, by the symmetry of the matrix B and integrating by parts in time,
we have

/0 (B(s)VV™(5), VV™(5)) 2(00) U5
1 1
= E(B(t)VV’"(t), VV™(t)) L2(90) — E(B(O)VV"’(O)» VV™(0)) 2(00)

|
—5/0 (B(s)VV™(s), VV™(s)) 2(qq) ds-

Moreover, by the ellipticity of B and again by (3.9a), we deduce that

1 CB

S (BOVV™@O. YV (O)2y) = 5 IVV" (0l 72y)-
1 1
5|(B(0)VV’”(0),VV’"(O))Lz(szo)| < 5”B(O)||L°°(Qo)||VVm(O)||i2(QO)

IA

I BO)|Loo@0) V1172 (0)
1 [ 1 . t
‘5/0 (B(s)VV™(s), VV™($)) 12(20) dS‘ < E”B”LN((O,T)XQO)/(; IVV™($)117 20 95-

We now focus on J4 and J5: by using (3.9b) and by the uniform bound for Vv™ provided
by Proposition 4.1, we obtain that

t
‘ /0 (@(s) - Vo™ (s). V™ (5))12(0) ds‘
< Slalsoran (T + [ 1776, 0)
=3 T)x A 12(20) % )
t
‘ /0 (a(s) - VV™ (). V™ (5)) L2y ds(

1 LI
< ~llall oo, T1x0) / V™) Baggy + VYV () 20,) ds-
0

As for the terms Jg and J7, due to (3.9¢) and by observing that for each s € (0, ) one has
V™(s) € H{ (o), we obtain

t . .
| /O (b(s) - VY™ (), V™ (5)) 120 ds|
= [ (7"l + 19V O )
=3 Lo ((0,T)xR0) o L2(R0) L2(Q0) ’
t t
[ 069767 @)y ds| = | | 06,7701 |
t
= | [ i@ 1776 Py o]

t
< ||diV(b)||L°°((O,T)XQo)/O IV ()17 20 95-
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Finally, for the term Jg, by the regularity of ¢ and by Young’s inequality, we readily
deduce that

t . . 1 . 1 t .
‘/(; (g(s), Vm(s))Lz(Qo) ds| < E”g”iz(O,T;Lz(Qo) + 5/(; ||Vm(S)||iz(QO) ds.

By the estimates obtained for Jy, ..., Jg, by (4.15) and by a suitable choice of ¢ in (4.16),
we deduce that there exist positive constants c1, ¢, and ¢ such that

” Vm (Z) ”iz(Qo) +c "VVm (l) ||iZ(QO)

t
<eite /0 (177 )20y + 19V ™02 ) .

By using Gronwall’s inequality together with Poincaré inequality, we thus deduce the
existence of a constant C > 0 such that

sup (IV™)2(0) + 1V Ol g,)) = C-

0<t<T

which yields, by the definition of V™,

sp (15" ()220 + 10" 021 g, ) = - “.17)

0<t<T

In order to conclude the proof, we have to prove claim (4.15) and provide a bound
on the H?-norm of v™(t) uniformly with respect to ¢. Let us fix ¢ € [0, T]. We define
by g™(t) the L? projection of the function g(¢) on the finite-dimensional space spanned
by wi, ..., ws. Then, by (4.4) and by using the fact that {wy }en is an orthonormal basis
of L?(R) and an orthogonal basis of H, (2), we deduce that

—{(div(B()Vv™ (1)), ) 12(%20)
= (g"(t) = 1" (1) —a(t) - V™ (t) + 2b(t) - V™ (1), ) L2(0,)-

for every € [0, T] and ¢ € H{ (). In particular, for every ¢ € [0, T we have
—div(B@)Vu™ () = g" (@) =" (@) —a(t) - VU™ () + 2b(t) - VO™ (t), (4.18)

in the sense of distributions. By choosing = 0 in (4.18) and recalling that V" (0) = " (0),
we can thus estimate

V™ (0) | 2(00) < 118" (0)llz2(20) + la(0) ]| Loo(20) VY™ (0)ll L2(520)
+ 2[16(0)[| oo (20) | VO™ (0) | L2 (02) + I div(B(0)VV™(0)) |22 ()
< g2y + lla(0)llLoo(g0) IV Vo llL2(20)
+ 2[16(0)[| oo (20) VU1 ll2(20) + 1 DB(O)||Loo(20) I V0l 22(020)
+ 1B0) [ (20) 10" ()| ir2(02¢) -
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By arguing as in [15, Chapter 7.1, Theorem 5], one can deduce that [|[v"(0) [ g2(q,) <
Cllvoll 2(gq) for a suitable constant C > 0, and so claim (4.15) is proved.

We now observe that, by Lemma 4.8, there exists a positive constant D (depending
on €29, on the uniform constant of ellipticity of B, which is independent of time, and
of [| Bl ¢ 1.1 jo,77xc2,)) Such that

||Um(t)||H2(QD) < 5||diV(B([)VUm(l))||L2(QO) forallt e [O, T] 4.19)
Then, by (4.18) and (4.19) and since ||g" (¢) L2y = 1€(®)|lL2(q,), We deduce that

0" ()| 72(20)
< D" 02 @) + 1™ O)lIL2@0) + () - VO @)l|2(20)
+12b(2) - VO™ ()| 2 (020))
< DUlg® 20y + 15" (Dllz2(20) + llallLoo0,1)x20) VO™ ()| 22(020))
+ 2D ([|b ]| oo (0, 1yx20) I VI™ ()| 2(20))-

We now use (4.17), (3.9b), (3.9¢), (3.9d) and the uniform bounds provided by Proposi-
tion 4.1 to conclude that

sup [[v™ ()| g2 < C
0<t<T

for some constant C > 0, and so, the statement is proved. [

As a corollary, we now obtain the main result of the section:

Theorem 4.10. Assume (3.8), (3.9), (4.13) and (4.12). Then, there exists a unique strong-
weak solution v of problem (3.5) which satisfies:

v e L0, T: H*(Q0) N Hy ().
b€ L0, T; Hy (Q)), (4.20)
e L0, T; L*(Q)).

Proof. The estimates provided by Proposition 4.9 allow us to conclude that there exists a

function v satisfying (4.20) such that, up to a subsequence which we still denote by v™,
the following convergences hold:

V™ —~ v weakly in L2(0, T; H*(Q20) N H{ (Ro)),
O™ — ¥ weakly in L%(0, T; Hy (RQ0)),
™ —~ ¢  weakly in L2(0, T; L?(Q)).

The fact that v is a strong-weak solution follows by arguing as in Theorem 4.2. Uniqueness
is instead ensured by Proposition 4.3. ]
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Remark 4.11. By standard results on interpolation of spaces, property (4.20) easily yields
v e CO0,T); Hl (Q0)) and v € CO([0, T]; L*(S2)). We point out that actually (4.20)
may also be improved by replacing L°° with C° (as in Remark 4.5); this can be seen, for
example, by exploiting the semigroup approach (see [10] or [7]). However, this (slightly)
stronger regularity will not be needed for the purposes of the present paper.

5. Existence, uniqueness and energy balance

In this section we come back to the original problem given in (2.3), still employing the
approach of diffeomorphisms. In this way we are able to improve Theorem 2.4, by getting
existence and uniqueness of weak solutions and by showing a more precise version of the
energy balance (see Theorem 5.4). To this end, we need a lemma, the details of which can
be found in [29, Proposition 17.1].

Lemma 5.1. Let E € RM be an open set with Lipschitz boundary and let § : E — RM
be a diffeomorphism of class C' with inverse g € C1. Then, T(E) is an open set with
Lipschitz boundary, and 0(F(E)) = T(0E). Moreover,

Dg(2)TvEe(a(2))

DaTonaay] % ae z € dF(E), 5.1)

vi(E)(2) =

and
/ buf(E)dJeMﬂ:/ (hof)|det Df|(Dgof) vg drM! (5.2)
af(E) OFE

forallh € L'(F(E)).

Corollary 5.2. Assume (2.1a) and let @,V be as in (3.1) and satisfy (H1). Then, the set O
introduced in (2.2) is open with Lipschitz boundary, and (2.9) is satisfied.
Furthermore, one has

ve(t,x) = (vy(t, x), v, x))
_ (o, x), ve, (x))

V14 o, x)?

where we introduced the scalar normal velocity

forallt € [0,T] and #N'-a.e. x € 3Q2;,  (5.3)

w(t,x) == &, V(. x)) - v, (x) forallt €[0,T)and HN '-a.e x € 0Q;. (5.4)

Moreover, the following identity holds true for every ) € L1 (I'):

T
ff)\)@ dx N =/ bz, x) (‘“’(t’x)) dF N1 (x) dr. (5.5)
T 0 852,

vg, (x)
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Remark 5.3. We point out that actually the scalar normal velocity @ does not depend on
the choice of the diffeomorphisms ® and W, but it is intrinsically related to the set O (and
so to the family {€2;};¢[0,7])- Indeed, by (5.3) we have

vy (2, x)

w(t,x) = —————— forallz € [0, T] and FHN 1 ae x € 092;. (5.6)
|V(9(t~x)|

Moreover, it is immediate to check that the following statements hold:
» if (H2) is in force, then ||| zoo(ry < 1;
* if (2.1b) is in force, then w(¢, x) > 0 for all ¢ € [0, T'] and HN-1ae x €9Q,.

Indeed, the former fact is a direct consequence of the explicit form given in (5.4), while
the latter can be inferred by (5.6), since under (2.1b) one has vfg (t,x) = 0.

Proof of Corollary 5.2. 'We introduce maps o: [0,T] x Qo — O and U:0— [0,T] x R
defined as
O, y) = (1, ®(r,y)) and W(,x):= (1, ¥(,x)).

It is immediate to check that O = 5([0, T] x Qo) and that, due to (H1), ® is a diffeomor-
phism of class C ! with inverse ¥ € C:!. By Lemma 5.1, the statement regarding O is
hence verified.

By using (5.1) with the function ®(z, -), we now observe that for all ¢ € [0, T'] it holds
that
DY(t, x)Tvg, (¥(2, x))
|DW(t, x)Tvg, (¥(t, x))|

Ve, (x) = for #N " 1-ae. x € 08;. 5.7

By using the same formula with ®, we instead obtain

Dy ®(t, )T v, 1yxg, (. (2, X))

= for N -ae. (t,x)eT. (5.8)
|D(t,x)\p(tvx)TV(O,T)XQ()(t’ \Ij(t’x))|

vol(t,x) =

By recalling (3.2c), we now compute

Dy e, 00y 090 = 50| (Lt )

_ \I}(t, X) . VQ()(\IJ(IPX))
_(D\IJ(I,X)TVQO(‘I’(LX)))

(D, (1, x)) - DU, x) Tvg, (W(t, x)) 5.9
_( DY(t, x)Tvg, (¥(t, X)) ) 69

Since D(,,x)(l}(t, x)T € RWVADXWHD) " the first equality above we have gathered its
components using the row vector W(t,x) € RN and the matrix DW(z, x)T € RNV, By
plugging the last equality into (5.8) and recalling (5.7) and (5.4), we get (5.3).
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In order to prove (5.5), we exploit (5.2) for the function o, deducing

/E)U@d](]N
T

= / H(D(t, y))|det D yy@(t, ¥)| Dir ) B (D(t, 1)) v(o,1)x0 (£ ) dH N (2, y)
(O,T)XBQ()

(" —d>(r,y)-D\If(r@(r,y»%m(y))
‘/0 /agoh“’q’“’y”dew q’“’”( DYt (1. ) vay (7))

AN () dr,

where we used the fact that |det D(t,y)é(t, y)| =det DD(z, y) and (5.9) with x = O(¢, y).
By using again (5.2) with ®(¢, -) for the integral over 0€2¢, we conclude by recalling
formula (5.4) for w. [ ]

Combining the results of Sections 3 and 4 and exploiting the previous corollary, we
can now state the following theorem, which rigorously extends Theorem 2.4:

Theorem 5.4. Assume (2.1a) and (4.13) and let ®, ¥ be as in (3.1) and satisfy (H1")
and (H2). Let the forcing term f be in H'(O) and assume the initial data satisfy

uop € H*(Q0) N Hy (o) and uy + ®(0,-) - Vug € HY (Qp). (5.10)

Then, there exists a unique weak solution u of problem (2.3) in the sense of Definition 2.2
which satisfies

u € L0, T; HA(Q,) N Hy (2)).
e L0, T; H (Q))).
i € L°°(0,T:; L*(Q)).

Moreover, for every t € [0, T] the following energy balance holds true:

a)(s X) ou 2
SO g,y + 31920l + / [ (1-0(s.27) (55 0.)
d#N1(x)ds
1 2 1 2 ! .
= 2y + 5 I Vu0l2ap + /0 (f(5),1(5)) 12y ds. (5.11)

where the scalar normal velocity w was introduced in (5.4).

Remark 5.5. We point out that since ug € H?*(Q2¢) N Hy(Qo), it must hold that

Vug = 83”0 Ve, on 9. So, the second compatibility condition in (5.10) is actually

equivalent to

0
uy € HY(Qo) and u; + (0, avuo
Qo

=0 ondQy.
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For the same reason we deduce that

0
Vu(t, x) = a—u(t,x)vgt(x) forae.r € [0,T]and #V '-ae. x € 0Q,. (5.12)
v

t

Remark 5.6. Under the additional assumptions of Remark 2.1 and (H2A), energy bal-
ance (5.11) now reads as in Remark 2.7, with the boundary term taking the form

! (s, x) > o Ou 2
’ — (s, cx)) dFN T (x) ds.
[/ 25 0, — 00,0 (5 0.) (x) ds
Proof of Theorem 5.4. Existence and uniqueness of the weak solution u satisfying the
regularity properties in the statement follow by combining Propositions 3.5 and 3.8, and
Theorems 3.9 and 4.10.

To prove (5.11) we just need to show that

Tl ) Tt

! (s, x) . ( Ou 2 N1
_/Ofm 22 (- w(s.0) )(avm(s,x)) d7eN =1 (x) ds,

and then exploit (2.11). The above equality easily follows by applying (5.5) together
with (5.6) and (5.12). |

5.1. Moving boundary conditions

‘We now show how our result can be applied to problems driven by time-dependent bound-
ary conditions, which often appear in mechanical models of debonding. To this end, we
ask that the boundary of the set ; is composed of a fixed part A! and a moving one, A2,
that is, we require that

forall ¢ € [0, T] it holds that 322, = A' U A?, where A' and A? are #* ~!-measurable
sets, with A independent of time 7, and satisfying #V 1 (A! N Af) =0. (5.13)

Consistently with the previous notation, we define

I':=0.7)xA" and T?:= [ ] {1} xA7,
te(0,7T)

sothat I' = ' U I'2. For the sake of clarity, we instead denote by v1 and v A2 the outward
unit normal to Q; restricted to A! and A?, respectively.

From a mechanical point of view, it is meaningful to prescribe a time-dependent
external loading W on the fixed boundary I'!, while homogeneous Dirichlet boundary
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conditions are assumed on the moving boundary I'2. We thus consider the problem

U(t,x)— AU(t,x) =0, (1,x) €0,

U(t,x) = W(t, x), (t,x) eIl

U(t,x) =0, (t,x) eT?, (5.14)
U(0, x) = Up(x), x € Qo,

U (0, x) = Uy (x), x € Q.

The notion of weak solution for problem (5.14) is given by Definition 2.2, with the obvious
changes regarding the boundary conditions. Such a problem can be tackled by assuming
that W is the trace on I'! of a regular function, still denoted by W, which is everywhere
defined and vanishes on I'? (as stated in Theorem 5.7). Indeed, by considering

u(t,x):=U(t,x)— W(t, x), (5.15)
one can resort to Theorem 5.4.
Theorem 5.7. Assume (2.12), (4.13), (5.13) and let ®, ¥ be as in (3.1) and satisfy (H1")
and (H2). Let the external loading W and the initial data satisfy:
s WeH0,T;L2,(RN) N H?0,T; H . RN)) N H'(0,T; HE.(RN)) N L2(0, T;

Hlf’)c(]RN)) such that W = 0 on T'2;
o Uy e H?(Q) such that Uy = W(0,-) on A' and Uy = 0 on A%;
o Uy € HY(Qo), such that Uy = W(0,-) on A' and Uy + (0, -) aavUOz =0on A}
A

0
Then, there exists a unique weak solution U of problem (5.14) which satisfies

UeL®0,T; H*(2))),
UeL®0,T; H(Q))),
U e L®0,T;L*(Q)).

Moreover, for every t € [0, T] the following energy balance holds true:

| IS 1 » ! w(s, x) o U 2
NTOR ) + 5 IVUO B, + /0 /A 5 0ot o) )
d#N"1(x)ds
_ 1 2 1 \V/ 2 ! 7 U dJeN—l d
= 5||U1 720 T §|| Uoll72(q,) + N W (s, x) Ton (s,x) (x)ds.

Remark 5.8. Under the additional assumptions of Remark 2.1 and (H2A), in the energy
balance above, besides the usual changes on the potential energy and the presence of the
forcing term due to A, the boundary terms related to A and A? need to be replaced by

! . U _
/ / W(s,x)|vA1(x)|/21(s’x)a—(s,x) d#N"1(x)ds
0 Al VAl
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and

d w(s, x) » oy U 2 o N—1
[ [ 5 00 =050 (0. 0)
Proof of Theorem 5.7. By considering the function u defined in (5.15), it is easy to see
that, from the point of view of weak solutions, problem (5.14) is equivalent to prob-
lem (2.3) with data

ft.x) = AW(t,x) — W(t, x),

. (5.16)
ug(x) = Up(x) —W(0,x) and u;(x)=U;(x)—W(0,x).

By the assumptions on W, Uy, U; we infer that f € H'((9) and that (5.10) holds (see also
Remark 5.5), and so Theorem 5.4 yields existence, uniqueness and regularity of the weak
solution U .

The energy balance instead follows from (5.11) by exploiting (5.15) and (5.16) and
after some simple (but tedious) manipulation via integration by parts. ]

5.2. Examples of moving domains

We finally collect some examples of sets €2, satisfying (2.1a) (and sometimes also (2.1b))
for which we can explicitly construct diffeomorphisms ® and W satisfying (3.1) and the
regularity conditions (H1") and (H2).

5.2.1. One-dimensional setting. Let £ € C%1([0, T']) satisfy
€it)>0 and |{(t)]<1  foralls €[0,T],

and consider the sets ; := (0, £(¢)). By defining

t@) _ 4o

d(t,y) : W(t, x):= mx,

=0
it is elementary to verify the validity of all the assumptions of Theorem 5.4 and also
of (5.13). If in addition £ is nondecreasing, then (2.1b) is also satisfied. In this situation it
holds that

w(,0)=0 and w(t,L() =4(r) foreveryt € [0,T]. (5.17)

This setting has been analyzed in [11,24-26,30-32], where £ is just required to be Lips-
chitz. Their argument strongly relies on an explicit representation of solutions of the wave
equation provided by d’ Alembert’s formula, which holds true only in dimension one.

5.2.2. Homothetic transformations. Let Qo € RV satisfy (4.1) and (4.13) and let
A € C%1([0, T]) satisfy A(0) = 1 and

A(t) >0 and |A(r)|max|y| <1  forallz €[0,T].

y€Qo
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Consider the sets
Q= AM0)Qo = {x e RV : x = A(t)y for some y € Qo},
and the diffeomorphisms

(1, y) = A(t)y and W(r,x):= %

It is again immediate to check all the assumptions of Theorem 5.4. If, moreover, A is
nondecreasing and €2 is positively balanced, meaning that

eQo € Qo forevery e € (0, 1), (5.18)

then (2.1b) is also satisfied. Notice that (5.18) is related to the position of 2¢ with respect
to the origin. It is, for instance, fulfilled by star-shaped sets at the origin.
In this setting we have

— i) . > N-1_
o(t,x) = A(I))L(Z) UQO(A(I)) forall ¢ € [0, T'] and for # a.e. x € 09,

where 0Q2; = A(t)d<2y. In the particular case Q¢ = B1(0), we infer (¢, x) = i(l) and
we get a radial symmetry similar to the one studied in [23].
If instead €2¢ is a tetrahedron of the form

Qo = {y c RV . y-n<landy; >0foralli = 1,...,N}, (5.19)
where n € R¥ is a unit vector with positive components, then

0 if x; =0forsomei =1,...,N

. forevery t € [0, T].
A(R) ifx-n = A(2),

o(t,x) = {

We may also treat the case of an octahedron

Qo = {y c RV . y-n; <1, fori = 1,...,2N},
where n; € R¥ is a unit vector belonging to the i —th orthant foralli =1,..., 2N in this
situation we have w(z, x) = A(t).

5.2.3. Sublevel sets. Let g € C°(RY) N C31 (R \ {g = 0}) be a nonnegative function
satisfying
Vg(x) #0 forevery x € RV \ {g =0},

and assume there exists R > 0 such that the sublevel set {g < R} is bounded; then, consider
a nondecreasing function p € C21([0, T]) such that

0 <p(0) =p(T) <R.
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We now define the sets
Q;:={R—p(t) <g <R},

which fulfill assumptions (2.1), (4.13) and (5.13). A similar choice, with the obvious
changes, is Q; = {r < g < p(t)} with r € (0, p(0)).
We thus need to build the diffeomorphisms @, W satisfying (3.1), (H1") and (H2). To
this end, let us consider the vector field X : [0, 7] x (RN \ {g = 0}) — R¥ defined by
p(r) Vg(x)
X(t.x) = —=(g(x) = R)=——.
p(1) [Vg(x)[?
and notice that X is of class C1([0, T]; C>' (RN \ {g < &})) for all ¢ > 0. The map ®
is now defined as follows: ®(¢, ) is the evolution at time ¢ of the point y € Q¢ through
the flow )
O(s, y) = X(s. (s, y)). s€(0,7),
(0. y) = y.

By standard results on ODEs, for all y € Q there exists a time Ty € (0, T] such that there
exists a unique local solution ®(-, y) € C21([0, 7)) of the Cauchy problem above. We
now show that actually the solution is global (i.e., T, = T') by proving that (¢, Q) = Q;
for all ¢ € [0, T]. Indeed, this ensures that the flow is always well contained in the region
where g does not vanish, and hence where the vector field X does not blow up.

To this end, we notice that for all ¢ € [0, 7},] we have

g(®(z,y)) =g(y)+/0 Vg(®(s, y)) - O(s, y) ds
_ 0 B
—ﬂw+A;6@@mw>Rm&

By setting F) (1) := g(®(¢, ¥)) — R and by differentiating the above equality, we get

{@m=%am tel0.7) 520
Fy(0) = g(y) - R.
The only solution to (5.20) is given by Fy,(¢) = %Fy (0), which finally implies
_p@)
g(®(t,y)— R = W(g(y) —R) foreveryt €[0,T,]. (5.21)
p

This implies that ®(z, -) maps level sets of g in level sets of g and hence that
®(t, Qo) = Qy; recalling that R > p(T'), we now infer that ® is well-defined on the
whole of [0, 7] x Qo and it belongs to C%1([0, T]; C>'(Q)).
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We can now introduce the function ¥ : @ — [0, T] x Qg as the “space”-inverse of @,
namely W(z, x) := [®(¢,-)] "' (x), so that (3.1) is fulfilled by construction. By the Inverse
Function Theorem and the Implicit Function Theorem, from the regularity of ® we also
deduce (H1").

To finally have (H2), we require in addition that

p(t) < min |Vg(x)| foreveryt € [0,T]; (5.22)

XEQ;

indeed, by also exploiting (5.21), it yields

iy = DD R=g@EY) ) R—g() __p0)
’ p(t) [Vg(®(@, y))l IVg(@@. y)l  p0) ~ [Ve(@(@, )l
The scalar normal velocity can be finally computed as follows:
L0 if g(x) = R — p(t
o(t,x) = X(t,x)-vg,(x) = { VeX 1 §x) PO). for every t € [0, T].
0 if g(x) =R,

With the particular choice g(x) = |x| the sets ; are annuli, so we recover the radial
case already mentioned above. Since now |Vg(x)| = 1, condition (5.22) reads as
p(¢) < 1 and the scalar normal velocity is

w(t,x) = {'O(t) if x| = R = p(®), forevery t € [0, T]. (5.23)
0 if |x] =R
The radial case was analyzed in [23] with slightly lower regularity assumptions, by reduc-
ing the problem to a one-dimensional one, as in the example given in Section 5.2.1.

The situations described in the examples given in Sections 5.2.2 and 5.2.3 above refer
to debonding models where one assumes to know a priori the possible shapes of the
debonding front and of the debonded set. The unknown to be determined is the evolu-
tion law providing the time when a certain debonded front is reached. This is analogous
to models with a prescribed crack in fracture mechanics.

A simple concrete application is the following: in dimension two, the possible de-
bonded regions are triangles

Q= {xeRzz x-n<A(t)and x; > O0fori = 1,2},

with n € R a unit vector with positive components and A € C%1([0, T];[1, +0oc)) non-
decreasing (cf. (5.19)). Boundary conditions are given, for example, on the segments
{x=(x1,0): 0<x-n<A(0)/2} and {x = (0,x2) : 0 < x -n < A(0)/2}. (This represents
an external load pulling the film from a region close to the vertex (0, 0).) Such examples
can be treated with both methods shown in the examples in Sections 5.2.2 and 5.2.3. As in
the one-dimensional case of the example in Section 5.2.1, the possible debonding fronts
are parallel lines (modeling a material that can be detached only in a certain direction).
However, this example is genuinely two-dimensional, since the debonding front is not
parallel to the edges where the boundary condition is imposed, which results in nontrivial
reflections in the propagation of waves in the debonded region.
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6. Application to dynamic debonding

In this final section we propose a proper formulation of a dynamic debonding model.
Different from the previous sections, in this setting the evolution of the sets # — €2 is also
unknown, and it has to be recovered by means of energetic considerations which involve
the solution u of problem (2.3) in an implicit and complex way. Here we rigorously define
the dynamic energy release rate in a general framework, that is, without any ansatz on
the shape of the domains. This allows us to state the energetic principle governing the
evolution, called the (dynamic) Griffith criterion.

We assume that the energy needed to debond a portion of film parametrized on a
(measurable) set E C RY is given by

/ Kk(x)dx, (6.1)
E

where k € C°(R") is a positive function representing the toughness of the glue between
the film and the substrate.

The next lemma shows how the integral in (6.1) varies when the domain of integration
depends on time, and its evolution is given.

Lemma 6.1. Assume (2.1a) and let , WV be as in (3.1) and satisfy (H1). Given any func-
tion k € CO(RN), for every t € [0, T] it holds that

_ ! N—-1
/Qt k(x)dx = /8.20 k(x)dx + /0 /?;Qs o(s, x)k(x)dFH (x)ds. (6.2a)

In particular, we have

t
|sz,|=|szo|+// w(s, x)dHN1(x) ds. (6.2b)
0 JoQy

Proof. We recall that by Corollary 5.2 the set @ is open, with Lipschitz boundary, and
satisfies (2.9). Setting O, := {(s,x) € O : s € (0,1)}, by an application of the fundamental
theorem of calculus in RV *1 we thus deduce that

0
0:[ —K(x)dsdx=/ vangfN/ K(x)dx—/ K(x)dx+/ K vl d N
o, 0s 30, Q Qo T,

We now conclude by using (5.5). ]

6.1. The dynamic energy release rate, maximum dissipation principle and Griffith
criterion

Now, let u be the weak solution found in Theorem 5.4 for a given nondecreasing family €2
(i.e., also satisfying (2.1b)). The dynamic energy release rate [10] is the opposite of the
(infinitesimal) energy variation due to the change in time of the domain, without account-
ing for the energy variation due to the evolution of the external forces. Recalling energy
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balance (5.11), we thus consider the internal energy (kinetic and potential) subtracted by
the work of external forces:

t

1 1
61) i= S 10 aq,) + 51 VuDIEa(q,) - /0 ()o@ ds.  (6.3)

We now provide the definition of the dynamic energy release rate.

Definition 6.2. For ¢ € [0, T'], we define the dynamic energy release rate of the debonding
model as

E(t+h)—&(
(1) := lim _M,
h—0+ 12745 \ Q2]
whenever such limit exists.

Due to energy balance (5.11) together with (6.2b), by means of (6.3), we thus infer
that the dynamic energy release rate can be computed as follows:

(1)
w1200
Jog, 252 (1 — 06, )% (321, )) "IV L)
- T, @(t, %) 4N (x) lf/

(1) = —

w(t,x)dH N1 (x)>0.
a0,

In the one-dimensional setting and in the radial case (see Sections 5.2.1 and 5.2.3), ana-
lyzed in [11,32] and [23] respectively, the integrands in the latter formula actually do
not depend on x due to the symmetry of the problem; in other words, in those cases the
released energy is the same at each point of the boundary d€2;. In contrast, in the general
situation here depicted the released energy may be different from point to point. It is thus
convenient to introduce the density of the dynamic energy release rate, which is obtained
by localizing the above formula around a point x € d2; as in the following definition:

Definition 6.3. Given ¢ € [0, T] and x € 0R2; for which o := w(¢, x) > 0, the dynamic
energy release rate density at the point (¢, x) with speed o € (0, 1) is defined by

w du 2 —
Jrgunzm 520 — (1)) (550- (1) dHN!

Gu(t,x) := lim
r—0+ fBQ,ﬂBr(x) a)(t) dFenN-1
1 ou 2
=-(1-o)(— . 4
51 =5, (0.0) (6.4)

If @« = 0, the dynamic energy release rate density is extended by continuity, setting

9
Golt, x) = %(av’; (t,x))z.

Remark 6.4. We now provide the explicit expression of the dynamic energy release
rate in the one-dimensional setting and in the radial one, recalling that in those cases
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the dynamic energy release rate coincides with its density and recovering the formulas
obtained in [11,23,32]. In the one-dimensional situation, by means of (5.17), it is easy to
check that

G(1) = Gy, (1, L(1) = %(1 — 0P ux(t,L(t))> forae.r €0, T].

In the radial case the weak solution u(¢, -) has radial symmetry [23], hence the dynamic
energy release rate density G,(?, ) is radial as well. Thus, by considering functions
u™(t, r) ;== u(t,x) and G2(t,r) := Gu(t, x) for r = R — |x| and by using (5.23), we
obtain

9(t) = GiG)(t, p(1) = %(1 — o)™, p(t))*> forae.t €[0,T].

Remark 6.5. We notice that the dynamic energy release rate density can be written in an
equivalent way by using the relation

0
u(t,x) + a)(t,x)ﬁ(t,x) =0 forae.r€[0,T]and #V 1ae. x cdQ;,
t

which follows since u = 0 on I'. Indeed, from the above equality we deduce

ou 2
o x))
ou

vg,

(t,x) — u(;,x)]

S0 =00

1 1T-w(,x)
=TTt o)
1 l—a)(t,x)[ ou

N §1+w(t,x)

Ga)(t,x) ([v )C)

0]

2

o (6.5)

This will be used in Proposition 6.6.

Given a positive toughness k € C°(R¥), we now postulate that during the evolution
process the following energy balance is satisfied:

&)+ / k(x)dx = &(0) foreveryt €[0,T]. (6.6)
Q:\Qo

By comparing (6.6), (5.11), (6.2a) and (6.4), we observe that the energy is conserved if
one requires

w(t, X)K(x) = (t, X)Gy.x)(t, x) forae.t €[0,T]and for HV 1-ae. x € 9Q;.

However, the above condition is not sufficient to determine a proper evolution of the
sets 2;; indeed, w = 0 (i.e., 2; = Q) is always an admissible choice.

A stronger requirement is the following local maximum dissipation principle, which
essentially says that €2, grows whenever it is possible, while preserving the energy bal-
ance:

w(t,x) = max{a € [0,1) : ak(x) = aGu(t,x)},

(6.7)
fora.e.t € [0, 7] and for #V l-ae. x € 99;.
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We refer to [11,23,32] for a discussion. The next proposition states two equivalent forms
of the local maximum dissipation principle: the first one is the (local) dynamic Griffith
criterion, the second one consists of two equivalent equations for the scalar normal veloc-
ity, involving the normal derivative of the displacement u. Note that the condition w < 1
in (6.8) corresponds to the physical requirement that the speed of growth of the domain is
subsonic.

Proposition 6.6. Let k € C°(RN) be positive. Assume (2.1b) and the hypotheses of The-
orem 5.4, and let u be the unique weak solution of problem (2.3). Then, the following three
conditions are equivalent:

* the local maximum dissipation principle (see (6.7)) holds true;

* the local dynamic Griffith criterion, namely

0<w(t,x)<l,
Go,x)(t, x) < k(x), forae. t €[0,T)and N '-ae x € IQ,
a)(t, x)[GaJ(t,x) (tv x)_K(x)] =0
(6.8)
holds true;

o forae t €0, T] and for ¥V '-a.e. x € 0, the scalar normal velocity w is given
by

1— 20 e (B x))® > 2(x),

u 2 9
w(t, x) = (st :0) v (6.92)
0 otherwise,
or equivalently,
[agg (t,x) —ul(t, x)]2 —2Kk(x)
w(t, x) = max 3 ! - 5 ,05. (6.9b)
[avg, (t,x) —ul(t, x)] + 2K (x)

Proof. Let us first fix a pair (¢, x). We then observe that the set
A(t, x) = {O{ ef0,1): ak(x) = aGa(t,x)}

appearing in (6.7) consists of at most two elements; indeed, by recalling (6.4) and since
k(x) > 0, it is easy to check that

2
{O, 1— %} if (ng (t,x)) > 2K (x),
A(t,x) = (52 .0)) :

6VQt

{0} otherwise.

Hence, the equivalence between (6.7) and (6.9a) is proved. Analogously, (6.7) and (6.9b)
turn out to be equivalent by employing (6.5). The equivalence between (6.9a) and (6.8)
is shown straightforwardly by exploiting the explicit form given in (6.4), and so
we conclude. ]
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Remark 6.7. We conclude this section by listing the changes that must be taken into

account in the case of the hyperbolic equation (see (2.5)). The energy & in (6.3) now takes
the form

t
&) = ||u(r)||L2mt) += <A<r>w(z> V)2 — / (f(5). () 2 ds
[t
~3 /0 (A(s)Vu(s), Vu(s))12(q,) ds.
As a consequence, the dynamic energy release rate density becomes
1 dou 2
Galt.) = 5 (v, ()3 — ) (55— (1:))
and so

Guteo(t:) = 5102, ()~ 00 7) (1)

_ e, (9)lagx — o, x)
2 [vg, ()]a@.x) + o(t, x)

2
[lVQ (x)|A(tx)8 (t X) — zl(t,x)] .

This implies that equations (6.9) have to be rewritten as

7o (1,%))

0 otherwise

Jivnt(x)ﬁ(t,x)—% if (Jve, (Va0 50 (1, ))” > 26(x),
w(t, x) (

[1ve, (9)ag0) o (1, %) =1, )] = 26 (x) 0}

= max{lvszt(x)|A(t,x) y 2 ,
[Ive, (04, o (6, 0) = 1k(t, )] + 2ic(x)

and also that the first line in the local dynamic Griffith criterion becomes
0 < o(t, x) < |ve,(X)|a¢x)-

The resulting changes in Definition 6.8 below are straightforward.

6.2. Formulation of the coupled problem

We are now in the position to provide a proper formulation of a dynamic debonding model,
by combining the wave equation in (2.3) with the local maximum dissipation principle
in (6.7) (or, equivalently, with the local dynamic Griffith criterion in (6.8), or with (6.9)).
We point out that the resulting system features a strong coupling: indeed, the evolution
of the domain of the wave equation is governed by (6.9), which in turn depends on the
solution u to the wave equation itself.

A solution to the dynamic debonding model is defined as follows:
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Definition 6.8. Given the data

* Qo C RY satisfying (4.1) and (4.13),

s k€ CORY) satisfying k(x) > 0 forall x € RY;

e feHY0,T;L2 . (RY)NL%0,T; H!.(RV));

e up € H?(Qo) N HJ(Qo) and u; € H'(Qo) satisfying

P 2
either u;(x) =0 and (8 o ) < 2k(x),
VQo

(6.10)

du
dug ngoo (X)

(x)) —u1(x)? = 2k(x) and ") < —1

or up(x) # 0,(

for #N¥N1ae. x € 9,

we say that an evolution [0, T] > ¢ — (u(¢), ;) is a weak solution of the coupled prob-
lem ((2.3),(6.7)) if the following conditions are satisfied:
(i) there exists a map ® : [0, T] x Qo — RY with “space”-inverse W(t, -) satisfy-
ing (3.1), (H1") and (H2), for which

Q; = ®(t,Q0) foreveryr €[0,T];

(i1) u is the weak solution to problem (2.3) with forcing term f and initial data ug, uy;

(ii1) the local maximum dissipation principle in (6.7) is satisfied, or equivalently the
scalar normal velocity w(t, x) = ®(t, ¥(t, x)) - vq, (x) fulfills one of the two
(equivalent) equations in (6.9) for a.e. ¢ € [0, T'] and for #V1-ae. x € 0Q;.

Remark 6.9. We point out that the definition makes sense. Indeed, condition (i) ensures
the regularity (2.1a) of the family {£2;},¢[o,77. Furthermore, by simple computations, one
can check that compatibility condition (6.10) is actually equivalent to

u; + (0, ) =0 ondQ,
8 V@,
where w(0, -) is defined by (6.9). Hence, by Remark 5.5 one can apply Theorem 5.4, con-
cluding that the wave equation (see (2.3)) has a unique weak solution u, whose regularity
allows one to give a meaning to the normal derivative a appearing
in (6.9). Finally, notice that (6.9) also implies monotomclty property (2.1Db).

Remark 6.10. Definition 6.8 can be adapted to the case of moving boundary conditions
described in Section 5.1, with minor modifications. In this setting ¢ also satisfies (5.13)
(att = 0), and the external loading fulfills W = 0 in a neighborhood of (0, T') x A3. The
compatibility conditions on Uy (and on U; on A1) are those of Theorem 5.7, while (6.10)
has to be valid for Uy and U; on A%. Finally, condition (ii) is prescribed only on A2, while
on A! we must have (¢, x) = 0.
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We conclude the paper by showing how Definition 6.8 covers the particular cases of
the one-dimensional and radial models already analyzed in [11,32] and [23], respectively
(see also Sections 5.2.1 and 5.2.3). In fact, in those papers the notion of solution to the
coupled problem is given in a slightly different form, and the existence is obtained by
exploiting d’ Alembert’s formula. We prove that, if the initial data are well-prepared, the
solution found in the aforementioned works fulfills Definition 6.8, at least for short times.

Theorem 6.11. Let £y > 0 and let k € Cl(l’él([ﬁo, +00)) satisfy k(x) > 0 for all x €

[€o, +00). Assume that f € C%1([0, T] x [0, +00)) and that ug € C>'([0, £y]) and
uy € CH1([0, £o)) satisfy

up(0) =0, ugly) =0 and u;(0) =0 (6.11a)
and ' (to)
MO 0 _
ur(Co)

Then, there exist T* € (0, T] and a unique weak solution t +— (u(t), (0, £(t))) to the
coupled problem ((2.3),(6.7)) in [0, T*] in the sense of Definition 6.8.

ur(lo) #0, up(lo)® —ui(lo)® = 2k (¢y),

1. (6.11b)

Proof. By [32, Theorem 4.6], there exists a unique pair (u, £) such that:
(i) u is a weak solution to the wave equation with forcing term f and initial data ug
and u; in the moving domain (J, ¢ 7){t} x (0, £(?));

(i) £(0) = £p and in a right neighborhood of 0, the function £ is a solution of the
following ODE:

[ (€(1)—1)—uy (£(1) — t)—f(ff(r, t—t+€(t))dr]2—2x(€(t)) 0}.

[y (€(2) — 1) —ur (€(2) — 1) =i f(z, T—1 +L(0))dr |+ 2 (£(1))
(6.12)
We observe that the equation solved by £ is the analogue of (6.9b) in the one-dimensional
setting (see (5.17)), by means of d’ Alembert’s formula. Hence, conditions (ii) and (iii) of
Definition 6.8 are satisfied by the function u and the sets (0, £(¢)). To conclude, we need
to check also the validity of (i).
To this end, we notice that (6.11b) implies

[up(Lo) — u1(£o)]* > 2k (Lo).

E'(t) =max{

As a consequence, from (6.12) one obtains that 5(0) > 0 and so, by continuity, there exists
T* € (0, T] such that £ solves

[l (6(t) — 1) —ur (0(t) — D) — [} f(r. 7 — 1 + £(@)) dT]" —26c(£(2))
[ (6(1) — 1) —uy (£(t) — )= 2 f(x, T — 1 + £(2)) d ] +26(£(t))

In particular, as pointed out in [32, Remarks 4.9 and 4.12], by a classical bootstrap
argument the regularity assumptions on f, uy and u; and compatibility conditions (6.11)

()= in [0, T*].
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ensure that £ € C21([0, T*]). Moreover, (6.12) directly yields 0 < £(r) < 1 for all
t € [0, T*]. Hence, the construction presented in Section 5.2.1 provides the existence of
the diffeomorphisms required in (i) and we can conclude. ]

The following result deals with the radial case in dimension 2; the extension to arbi-
trary dimension is straightforward. In order to state it we introduce the following nota-
tion. Given a ball or an annulus 4 € R2, we denote by Crlzc’la (Z) the space of functions
h € C**(4) which are radial, meaning that there exists a function 29 : R — R such that
h(x) = h™(|x]) for all x € A.

Theorem 6.12. Let R > py > 0 and let k € Cri(’il(BR(O)) satisfy k(x) > 0 for all

x € Bg(0). Setting Qp := {x € R?: R — py < |x| < R}, assume that f € C%'([0, T);
Crgal (Bgr(0))), and that uy € Criél (Q) and u; € Cr:l;il (Q) satisfy

uo(x) =0 if|x| = Ror|x| = R — po,
i (x) =0 iflx| =R

and
ou 2 aauo

1@ #0. (1) ()P =2) and B <1 iflx| = R—pu.
aVQo ul(-x)

Then, there exist T* € (0, T| and a unique weak solution t — (u(t), ;) to the coupled
problem ((2.3),(6.7)) in [0, T*] in the sense of Definition 6.8, where

Q= {x eR*: R—p(t) < |x| < R},
for a suitable p € C%1([0, T*)).

Proof. The proof is analogous to the one of Theorem 6.11, taking into account Sec-
tion 5.2.3 and (5.23). Here, the existence of the function p is guaranteed by [23, The-
orem 3.6]. For the regularity of p we instead refer to [23, Remarks 3.7 and 3.8]. [

We finally stress once again that the well-posedness of Definition 6.8 in the general
case seems to be a difficult task, due to the strong coupling between the wave equation
and the rule given in (6.9) governing the evolution of the domains. We leave the problem
open for future research.
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