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NUMERICAL ANALYSIS OF A METHOD FOR SOLVING 2D
LINEAR ISOTROPIC ELASTODYNAMICS WITH FREE
BOUNDARY CONDITION USING POTENTIALS AND FINITE
ELEMENTS

JORGE ALBELLA MARTINEZ, SEBASTIEN IMPERIALE, PATRICK JOLY,
AND JERONIMO RODRIGUEZ

ABSTRACT. When solving 2D linear elastodynamic equations in a homoge-
neous isotropic media, a Helmholtz decomposition of the displacement field
decouples the equations into two scalar wave equations that only interact at
the boundary. It is then natural to look for numerical schemes that indepen-
dently solve the scalar equations and couple the solutions at the boundary.
The case of rigid boundary condition was treated In [3, 2]. However in [4] the
case of free surface boundary condition was proven to be unstable if a straight-
forward approach is used. Then an adequate functional framework as well as
a time domain mixed formulation to circumvent these issues was presented.
In this work we first review the formulation presented in [4] and propose a
subsequent discretised formulation. We provide the complete stability analy-
sis of the corresponding numerical scheme. Numerical results that illustrate
the theory are also shown.

1. INTRODUCTION

The propagation of elastic waves in solids is a very classical problem and there
exist already many numerical methods to simulate this phenomenon numerically.
For instance, standard conforming finite elements in space (possibly of high order)
can be used to solve the displacements formulations of elastodynamics equations
in isotropic media (second order hyperbolic system). It is also possible to use
mixed finite element methods to solve the equivalent velocity-stress formulation
of the same system (first order differential system). On both cases, this space
discretization is then coupled to a finite difference discretization in time. Then, if
the discretization is explicit, the time step is subject to a CFL stability condition.

On the other hand, in many classical physics books, the well-known Helmholtz
decomposition of vector fields is used to compute analytical solutions in homoge-
neous isotropic media: the vector field is written as the sum of a gradient and a
curl of two scalar potentials. As mentioned in [4], such a decomposition relates
elastodynamic equations to two wave equations and enlightens the decomposition
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of the wave field as the superposition of waves that propagate independently with
different velocities: the pressure waves, or P-waves, that are gradients of a pressure
potential pp and propagate with a velocity Vp ; the shear waves, or S-waves, that
are curls of a shear potential ¢g and propagates with a velocity Vg < Vp.

In [15] a finite difference scheme is constructed with approximation properties
independent of the ratio Vp/Vs. However, very few works have exploited the
Helmholtz decomposition in the framework of finite elements even though it has
been used in other domains of physics, in particular in fluid mechanics (current-
vorticity formulations; see Chapter 2 and 3 in [14], [13] and [12]). However, as we
have already shown in [3], [2] and [4] this idea can be successfully exploited for the
numerical solution of elastodynamic equations in isotropic media (for simplicity, we
have restricted ourselves to the 2D case where both pressure and shear potentials
are scalar). In these works we have given an answer to the following question, of
pure intellectual interest: could we write a stable formulation with potentials to
solve isotropic elastodynamics with finite elements 7 However, there is a more rele-
vant motivation that concerns the elastic media in which P-waves propagate much
faster than S-waves. In such a case, it is known that explicit displacement-based
methods, which do not distinguish both waves along the calculation process, are
greatly penalized by large values of the ratio Vp/Vg due to the CFL condition (as-
suming that explicit time integrators are used). More precisely in the introduction
of [4] we explained that the computational cost of standard explicit finite elements
methods on a quasi-regular mesh satisfies the following rough estimates
LTt  L*T Vp
WAt > AT, Vs
where L is the size of the domain, Ag the wavelength of the shear waves, [0, T] the
time integration interval and T the minimal time scale involved in the source term.
The ratio Ld/)\‘é represents the size of the problem in space while T'/T} the size of
the simulation in time. One clearly see that Vp/Vs is a penalizing factor which is
specific to the fact that elastodynamics is a coupled system of wave equations.

As pointed out in our previous works, potential formulations will authorize the
use of different meshes for both the pressure and shear potentials in view of adapting
the mesh size to each wavelength, which is smaller for S than for P waves. This
would result in an important saving of the computation cost for large ratio Vp/Vs.

In a piecewise homogeneous media, the use of a Helmholtz decomposition is still
valid locally and the different types of waves recouple at boundaries and interfaces.
This is the main source of complexity because, contrary to the interior equations,
boundary and transmission conditions are not easily expressed in terms of poten-
tials. In [3, 2] we first addressed the case of a homogeneous medium with a clamped
boundary, that is to say the Dirichlet boundary condition. However in [4], it was
shown that a naive extension to the case of free surface boundary condition of what
was done in [3, 2] led to an unstable formulation. To circumvent we proposed a
stabilized formulation essentially based on a clever choice of functional framework.

In this work, we first recap in Section 2 how to reduce the resolution of 2D
isotropic elastodynamic equations to two scalar wave equations and more impor-
tantly, explain how to treat the free surface boundary condition as it has been done
in [4]. Then in Section 3 the space-time discretization is presented. More precisely,
in Section 3.1 a detailed semi-discretization in space using a general Galerkin ap-
proach is given. Section 3.2 is devoted to its well-posedness and time stability.

(1.1) Cost
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In Section 3.3 we describe and analyze several approaches for the time discretiza-
tion. In Section 4 we apply the results obtained in Section 3 to the case where
P;-Lagrange finite elements are used for the space discretization. Special attention
is paid to the well-posedness of the fully discrete scheme, CFL-stability conditions
and mass lumping. In Section 5 we show some numerical results to illustrate the
theory. In Section 6 we conclude and we mention some future research lines related
to this topic. Finally, in Appendix 7 we provide some technical proofs.

2. MODEL PROBLEM AND POTENTIALS FORMULATION

This section has been added for pedagogical purpose, for making the paper self
contained and for preparing Section 3.1. Section 2.1 recaps very standard material,
Section 2.2 introduce the decomposition of the displacement field, while the sections
2.3 and 2.4 present some results obtained in [4] (where the reader can find the proofs
that are not included here) and new material (in particular Theorems 2.9 and 2.10)
useful for the analysis presented in Section 3.1.

2.1. The model problem. The displacements formulation.

Preliminary notation. Throughout the paper we will work in 2D and & = (21, 22)
will denote the space variable. We shall use bold letters for representing vector fields
such as u = (u1,us) for the displacement field in a elastic body or v = (v1,vs) for
the velocity field (v = Jyu). Ordinary letters will be used for scalar fields such
as the components of vector fields or scalar potentials. Finally, underlined bold
letters will be used for 2 x 2 tensor fields such as the deformation or strain tensor
e(u) = (g45(u));; where 1 <4,j < 2 or the stress tensor o = (0y;); ;-

Geometrical assumptions. In the sequel we shall assume for simplicity that 2 de-
notes a simply connected domain of R? that is locally on one side of its boundary
I'. Without any loss of generality, we shall assume that the origin 0 is the center
of gravity of Q2. For the sequel we will introduce an origin o € I' and a curvilinear
abscissa s € [0, L] along I" (with length L). We denote by n = (n1,n2) the unit
normal outward vector to I', 7 = (ng, —n1) the corresponding tangent vector, as
well as, for any scalar field ¢, Op¢ = V- n the normal derivative and 0-¢p = V-7
the tangential derivative.

Mathematical model. The displacement field u obeys the fundamental law of me-
chanics

(2.1) pdiu — dive = f, inQ,
where div o is defined by (using Einstein convention for repeated indices)

(divg)i = 8jaij(u),
where p = p(x) is the positive density and f is the source term that, for simplicity,
will be assumed to be compactly supported inside 2. In an isotropic medium,
stresses and displacements are related by Hooke’s law which involves the positive
Lamé parameters A(x) and u(x)

(2.2) og=c(u):=Adivul + 2ue(u),
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where I is the 2 x 2 identity matrix and
divu = Bjuj, aij(u) = % (aluj +8jui), 1 < i,j < 2.

Eliminating o (u) using (2.2) and (2.1), we get a second order system in w. In the
homogeneous case, i.e. when A, p and p are constant, this system becomes

(2.3) Ofu — Vi Vdivu + V¢ curl (curlu) = i, in

p
with Vp (resp. Vg) the velocity of the P-waves (resp. S-waves) defined by

[A+2
(2.4) Vp = + M, P waves velocity, Vs =,/ H7 S waves velocity,
P P

and where we have used the two curl operators in 2D defined by

(2.5) curlu := O1us — Oouy, for the scalar curl of a vector field u,
curly = (8290, falga), for the vector curl of a scalar field ¢.
Equation (2.3) is completed with the free boundary condition

(26) o(un =0, onT =99, where o(un=Adivun + 2pe(u)n,
as well as null initial conditions

(2.7) u(x,0) = dyu(x,0) =0, for all x € Q.
For solving the problem (2.3, 2.6, 2.7) a particular role will be played by the space
R(2) of rigid displacements satisfying e(u) = 0, which results into
R(©) = {a(ws,—o1)' + (b1, b2), (a, (b1, b2)) € R x R2}.
In the following, we shall assume that the source term f satisfies
ft) e Li(Q) ={we L*(Q) / [,w -wrdx =0,V wr € R(Q)}.

Under this assumption, the solution w remains at any time orthogonal to R(2).
Let us formulate this result as a theorem which requires to introduce the following
spaces of displacement fields

D ={we H'(Q)/-V3V(divw) + VZ curl (curlw) € L*(?)?},
(2.8) Dp:={weD/ /Q'w-wRdwzo, Ywpr € R(Q)},

Dy:={weDp/o(wn=0onT}.

Of course, D is a Hilbert space when equipped with the natural graph norm, and
Dpg, Dy are closed subspaces of it. Then, we can state the following classical
theorem that results, for instance, from the application of standard Hille-Yosida’s
theory for evolution problems.

Theorem 2.1. Assume that f € Cl([O,T];L%(Q)). Then, the problem (2.3, 2.6,
2.7) admits a unique strong solution:

(2.9) uwe C*([0,T); L*()) nC* ([0, T); H' () N C°([0,T); D).



2D LINEAR ELASTODYNAMICS WITH POTENTIALS 5

2.2. Introduction of the potentials. From now, we assume that the source term
f(-,t) is at any time supported in a fixed compact set of . We define two scalar
potentials pp and pg by

(2.10)  powpp = (A+2u)divu, pOips = —pcurlu, ¢p(-,0) = @g(-,0) =0.
Then, one shows that (see also [4], Sect. 2.1),

1/t

(2.11) v=Vyp+curlps+g, where g(t)=- / f(r)dr,
P Jo

where pp and pg satisfy the following two scalar wave equations

Vlﬁ ‘}5% 02ps — Apg = —curlg, in Q.

We shall denote by ¢ = (¢p,ps) the 2D vector field with both potentials. The
aim of the next two sections is to write a problem in ¢ which is equivalent to (2.3,
2.6, 2.7). The first step consists in completing the equations (2.12) by boundary
conditions for ¢ equivalent to (2.6) (see Section 2.3) and deriving a variational
formulation of the problem (see Section 2.4).

(2.12) D2pp — App = divg,

2.3. The free boundary condition. In terms of the velocity field, this condition
writes, o(v)n = 0. Using (2.11) and (2.6), o(v)n appears to be a linear com-
bination of second order derivatives of the potentials. This is not adapted for a
variational formulation of a second order problem as (2.12) and thus to a finite
element approximation.

In order to overcome this difficulty, the trick proposed in [4], consists in:

(1) Introducing (momentaneously) an auxiliary variable vr := v)p.
(2) Interpret the step above as a non homogeneous Dirichlet condition,
(3) Write an additional equation in (vr, ¢p, ¢s) equivalent to o(v)n = 0.

The first two steps result into non homogeneous condition for ¢ = (pp, ps), more
precisely, from (2.11), we deduce

(2.13) Onpp = Orpps +vr-m, JOnps =—0rpp+ovr-7, onl,
while, step 3 provides

vp,2+2‘1/521'(8t2<p-n) e Py(I), /Fga-nd'yzo,
(2.14) 1

vrﬁl—mI(af(p-T) e Py(I), /Ft,o-rd'y:O,

where 7 is a linear and continuous extension of the integral operator defined by
I: L*(I') — L*T)
n = In(s):= / n(o) do.
0

Notice that this operator maps {v € L*(I') / [vdy = 0} into H'(I), then if we
introduce the following subspace of H —2 (T

)
(2.16) M = {1/ ceH*(T)/ /udyzo},

(2.15)
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it is clear that Z can be extended as a linear continuous operator Z € £L(M, HY/?(T")).
(2.17) In summary, o(v)n=0 <= (2.13) and (2.14).

On the next section, the auxiliary variable vr will be eliminated when writing the
variational formulation where the conditions in the second column in (2.14) will be
treated as an essential condition in the variational space.

2.4. The weak formulation.

2.4.1. Preamble: a first naive formulation. According to (2.11), it appears that, an
appropriate functional space for the unknown ¢ should be (v € LQ(Q) since the
kinetic energy must be finite)

(2.18) V={p=(pp,ps) € L?(Q) such that Vep + curl pg € L2(Q)} ,
or equivalently, noticing that Vyp + curl g = (div ¢, —curl p)?,

(2.19) V = H(div,Q) N H(curl, Q).

This space is a Hilbert space for the norm

(2.20) lol3 = 112 g + Idiv ]2 gy + leurl @] g,

More precisely, to account for the linear constraints in the second column of (2.14),
we shall work in the following closed subspace of V'

(2.21) Vo = {goeVs.t. /cp~nd’y:/go~7d’y:0}.
r r

Remark 2.2 (Gauge conditions and duality product). The two equalities in the
definition (2.21) of Vi will be referred as the gauge conditions. Rigorously speaking,
the two boundary integrals appearing there should be understood in the sense of
duality brackets between H==(T) and Hz () and thus should be rewritten as

(2.22) (¢p-n,1)r=0, (p-7,Lr=0.

However, for simplicity and clarity, we shall continue to write them as boundary
integrals in the sequel. Notice that, by Green’s formula and our geometrical assump-
tions in €, an alternative characterization of the space Vy is

(2.23) Vbz{(péVs.t, /div cpd:c:/cuﬂ(pda::O}.
Q Q

In the space Vp, we can write a “natural” weak formulation (called naive in [4]) as
follows. We first introduce the following continuous and symmetric bilinear forms
(of mass type) in V

1 1
ma(p,P) = vz /Q<PP Ypdx + vz /Q<PS g de,
(2.24) mr (g, ) = 2‘1/2/F(I(¢.n)¢.r+¢.rl(¢~n))d%
S
m(‘P7,¢J) = mQ(SD7’¢') + mF(QO7¢)7
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as well as the stiffness bilinear form

a(lp, ) = / (chp + curl @S) . (Vi//p + curl 1/15) dx
(2.25) “

= / (div e divep + curl ¢ curl ) de.
Q

Remark 2.3. Using an integration by parts along the boundary, one sees that an
alternative expression for mrp(-,-) is

(2.26) mp (%’lﬂ)——;vg/F(I(go-r)z/f~n+go~n1(1,b~f))dfy.

Then, it can be shown (see [4]) that if ¢ is a solution of (2.12, 2.13, 2.14), then it
is solution of the variational problem (in which, by the way, the auxiliary unknown
vr has disappeared)

Find ¢ : [0,T] — Vb such that
(2.27) .
Lomle(t).9) + ale(t). ) = (it p)., Ve eW,

where £(t,-) is the continuous linear form in V defined by

(2.28) U(t,h) = —/Qg(-,t) (Vip +curl ¥g)de Vep e V.

Moreover, (2.27) is completed by initial conditions, coherent with (2.7), (2.10),
(2.11) and g(-,0) = 0, namely

(2.29) @(-,0) = 0p(-,0) = 0.

However, it is shown in [4] that (2.27) is not a good formulation to work with due to
stability issues. This does not provide a well-posed problem because the quadratic
form m(-,-) fails to be positive in V; due to mr(-,) (see Theorem 3.6 in [4] or
Theorem 2.9 below): more precisely, the space Vp is too big and must be replaced
by a smaller space Vy that we will describe below. The construction of Vj is far
from obvious and, in some sense, it is the main contribution in [4].

2.4.2. The good functional setting. First note that, since 0 is the barycenter of (2
Ry(Q) = {W € R(QY) / / wdx = O} = span [(wg, —1)"].
Q

We next introduce the subspace K of Vj defined by

(2.30) K = {«p = (p,bs) € Vo /| Viop + curl pg € R(Q)},
or equivalently, thanks to (2.23),
(2.31) K = {w eV / (divep, —curlyp)t € RO(Q)}.

Even though m(-,-) is not a scalar product (indeed it is not positive), we can speak
of m~orthogonality:

@, ¥ are m-orthogonal <= m(p,1) =0.
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We can then define the Hilbert space Vi as the m-orthogonal of K
(2.32) Vv =K>™ = {peVy/m(p,) =0, Vo € K}.

By continuity of m(-,-) in V', Viy is a closed subspace of V; and, as a consequence,
it is a Hilbert space for the norm (2.20). Initially, in [4], the space Viy was not
constructed as (2.32) but as

(2.33) Vi = {(V,_% divaw, —V2 curlw), we DN}.

We refer to Theorem 3.17 in [4] for the equivalence between (2.33) and (2.32). An
important fact is that, since the solution u € C°([0,T]; D), see (2.9), then the
field ¢ = (pp, ps) defined by (2.10) satisfies

(2.34) p € C([0,T]; Viy).

For practical reasons, it is essential to have a more useful description of K which,
moreover, emphasizes the fact that K is a small space compared to Vj.

To do so, it is first useful to introduce the subspace K of K defined by
(2.35) Ky, = {¢€%/div¢=curl¢:0},

According to (2.23) (thanks to geometrical assumptions on §2), V; can be replaced
by V in the above definition, i.e.,

(2.36) K, = {'¢€V/div1/):curl1/;:0},

which is known as the space of so-called harmonic fields. The space K| is closely
related to the space of harmonic functions

(2.37) H(Q) = {q e HY(Q)/Aq=0in Q}

It is well known that the space H()/R is isomorphic to the space M (defined
in (2.16)) of boundary functions. To emphasize this property, we introduce the
so-called harmonic lifting operator

(2.38) veM — p(v)eH(Q),

where p(v) € HY() is the unique solution in H(Q) of

(2.39) —Ap(v) = 0, inQ, Onp(v) = v, inT,
that satisfies (see Remark 2.4)

(2.40) Z(Vp-7)=p.

Remark 2.4. Let us draw the attention that, as it is well-known, (2.39) defines p
up to an additive constant A. Since the function d :== Z(Vp-T) — p is a constant
for any p, (0-d = 0) we can adjust the constant A in such a way that (2.40) holds.

The following lemma is immediate.

Lemma 2.5. The harmonic lifting operator v — p(v) is an isomorphism from M in

{peH(Q)/Z(Vp-T) =p}.



2D LINEAR ELASTODYNAMICS WITH POTENTIALS 9

In order to relate Ky with H () (thus with M according to Lemma 2.5), we
introduce the operator

veM — €&(v)e Kqsuch that
(2.41)
VveM, E(v) = Vp(v).

Note that the fact that £(v) is curl free is a property of any gradient while the fact
that it is divergence free follows from the first equation of (2.39). Thus £(v) € K.

With this operator, we can define a projector on Ky in the space V, namely
(2.42) VoeVy, Pop:=E&(p-n)=Vp(p n)
Lemma 2.6. The operator Py is a projector from V; onto K.

Proof. In order to check that Py is a projector on K, it suffices to check that
Pop = ¢ for any ¢ € Kj. Since curlep = 0 and Q is simply connected, by
Theorem 2.9 in [14], we deduce that ¢ = V¢ with ¢ € H'(Q2)/R. Since div ¢ = 0,
we have Ag = 0 and moreover, by construction, 0,9 = ¢ - n. Let p, := p(¢ - n),
we remark that A(g — py) = 0 and 9n(q — pp) = 0. Thus ¢ — p,, is constant and
Pyp := Vp, = Vg = ¢ . This concludes the proof. [ ]

Then, a complete description of the space Kj is provided by the following lemmas
(which are the correct versions of Lemma 3.19 in [4], which contained a mistake).

Lemma 2.7. The space K is characterized as
(2.43) Ky =VH(Q).
More precisely, the operator £ is an isomorphism from M in K.

Proof. The injectivity of £ follows from (2.39) (Vp(v) = 0 = v = 0) and the
surjectivity from the fact that, for any ¢ € Ko, ¢ = Pop =E(p - n). [ ]

Lemma 2.8. The space K can be decomposed as the direct sum
(2.44) K = Kr o Ky,
where K g is the 1 dimensional space K g = span{pp}, with pp = 1(0, |x[?)".

Proof. Due to the fact that the intersection of R(2) (of dimension 3) with V;
(which includes two linear constraints), we expect that the co-dimension of Kj, as
a subspace of K, is one.

First remark that since (divep, —curlg )t = (22, —21)", ¢ belongs to K (Defi-
nition (2.31)) but not to K (Definition (2.35)). To conclude the proof, it suffices
to show that for any ) in K there exists a € R such that 9 —a @ € K. But, for
any ¥ in K (see (2.31)), (divyp, —curlep)’ € Ry(Q), i.e.

(divp, —curlp)! = a (v, —21) = a (div g, —curl pz)".

It is then immediate to conclude. [ ]
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2.4.3. Properties of the bilinear form m(-,-). In this section, we establish fundamen-
tal properties of the bilinear form m(-,-) that explain why the functional setting
introduced in the previous section is the good one. These properties essentially
concern the sign of the corresponding quadratic form when restricted to particular
subspaces of Vj.

The first property is a negative result that explains the instability of the naive for-
mulation of Section 2.4.1. More precisely, the following result gives an alternative
proof of the negativity result of Theorem 3.6 in [4]. It is also more precise in the
sense that it emphasizes the “bad role” of K and thus enlightens the need for
removing this space in the construction of the “good” space Vi (see (2.32)).

Theorem 2.9. In the space K, we have the formula

(2.45) Ve Ky, mr (e, @) V2 / lp|? de.
As a consequence, the quadratic form m(p, ) is negative semi-definite in Kg:
(246) Ve Ko  ml /| Pde, — =21 _1 oy
. , T, — =5 — —5 .
¥ 0 m\p, (10 V2 Ypr V;? Vg V]%

Proof. According to (2.42), for ¢ € Ky, ¢ =Py = Vp, with p, = p(¢ - n) (cf.
(2.39, 2.40)). By definition of mr(:,-)

1

1
mr(p,p) = W/FI(“" n)e-rdy = vz FI(ﬁnp¢)0Tp<pd7.
S S

Next, using an integration by parts along the boundary and Z(0-p,) = p, first,
then Green’s formula and the fact that p, is harmonic, we get

1 1 1
mr(p,p)dy = —— / OnPe P dY = _72/ |Vp¢‘2d$ =712 |‘P|2 de.
Vs Jr Vs Ja Vs Ja
since, for the last equality, Vp, = ¢. It is then easy to conclude. |
Let us introduce the following functional space defined by

Our second and most important result is the positive counterpart of Theorem 2.9
and fully justifies the choice of Vly. The fundamental property of the space Vi is
given by the following theorem.

Theorem 2.10. In the space Wy, the quadratic form m(p, ) takes the form, with
pe =p(p-n) and 1/V2:=1/VZ—-1/V3 >0,
1
(2.48) m(p, @) = 7z /Q |01y |* A + ma (¢ — Vg, @ — Vy,).
In particular, it is positive definite in Viy
(2.49) Ve e Va\ {0}, m(ep,p) > 0.

Proof. Step 1: Proof of (2.48).
For any ¢ € Wiy, setting p, = p(e - n) (see (2.39)), we know that Vp, (= Poyp)
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belongs to K, so that m(¢, Vp,) = 0 (see (2.47)), that is to say, by definition of
m('a ')7

1
+jAI(¢-n)8Tp¢d7 + 2V2/I(8np¢)cp-Td'y:O.

As we are going to see, this equality provides a new expression for mr(-,-) in Wy
that will lead to (2.48). For this, we transform the last two terms of (2.50) into
volume integrals, using the fact that

(2.51) —Ap, = 0, in§, Onpp = @-m, onl.
Using an integration by parts along I', Z(0-p,) = p, and the fact that fr w-ndy =
0, we obtain

1
22

1
/I(¢-n)8fp¢d7 = —ﬁ/(wn)pcpdv.
r s Jr
Therefore, using (2.51) and Green’s formula,
L/z( n)d d—fL/a d—fi/w 2 de
2‘/5 . [ TPp Ay = QVSQ o nPe Dp AY = QVSQ o Dy .

On the other hand, since 0pp, = ¢ -n on I', we simply have

(2.52)

1 1 1
253) — [ Z(0 crdy = — [ Z(e- cTdy = - .
(2.53) 2V3/p (Onpe) ¢ - 7 dy 2Vs2/r (p-m)p-Tdy = 5 mr(p,e)
Substituting (2.52) and (2.53) into (2.50) we obtain, after multiplication by 2,
2
r(e, ®) — / |Vp4p|2da: - = <pp81p¢d:c - =5 / g Oap, d,
V Vs Ja

and therefore, adding mq(p, @),

m(p,p) = /st\zdw - =5 sosazp<pdm+vz/|32pcpl dx

2
+ —/ tpPQdm——/goP@p d:c+—/ O1pe|? da.
VR Jo PrT AR T g J orObedet g ) 1ol

Rearranging cleverly the above expression as a sum of squares then leads to (2.48).

Step 2: m(p, ) =0 and ¢ € Viy implies p = 0.

Indeed, using (2.48), m(p, @) = 0 implies d1p, = 0 and ¢ = Vp,,, thus ¢p =
0 and py(z1,22) = p(x2). Since p, is harmonic, p is simply an affine of function,
thus ¢g = dop is a constant, denoted a. Written differently, we thus have

(2.54) p=ap, ¢, =(01)"

It remains to show that a = 0. This is where we are going to use the m-orthogonality
to the space K = span{¢p}.

Since m(p, pr) = a m(p,, pr), if suffices to check that m(p,,¢r) # 0.
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We firstly compute, with ¢ = 2(0,|x|?)" (cf. Lemma 2.8), that

J
(2.85)  ma(p., Pr) = 5v5, J = / |z|*dx >0 (inertia momentum of Q).
2V Q
Since ¢, = Vqo = —curl¢; with ¢2(x) = 22 + ¢2 and ¢1(x) = 21 + ¢1, we have
(2.56) P, n=0,q, @, T=0rq, onl,
while
Lo L2
(2.57) Prm =g |z]” na, PR T="5 |x|“ny, onT.

Thus, since one can choose ¢; such that Z(0rq1) = q1 (see Remark 2.4),

(2.58) /FI(so*-n) (pr-T)dy Z/th (pr-T)dy
1 2 1 2
=—— [ (z1+ca)|z|*mdy === | z1]x|* nidy.
2 Jr 2 J)r

On the other hand, choosing ¢y such that Z(9;¢g2) = ¢o, with an integration by
parts along I', we get

(2.59) / (.- 7) L(pp - n)dy = — / (. - 7) (or - m) dy

1
:*/Q2(¢R'n)d7:*§/9€2|3’3\2n2 dy.
r r

In consequence, by adding the two previous equalities we obtain

mr(@., Pr) = 4_‘/152 /F:]Z nl|ztdy = 4_V152 A (div(z)|z|® + z V|z|?) dz = ‘22
Finally
(2.60) (P pR) =~ g7 0,
s
which concludes the proof. [ |

Remark 2.11. In [4], Theorem 3.14, we even proved a stronger result, namely,

(2.61) m(ep, @) > C/ lp|? de, Vo e Vy, for someC > 0.
Q

The proof used the characterization (2.33) of the space Viy and Korn’s inequality
in Dg. The interest of the proof of Theorem 2.10 is that it extends to the discrete
setting as it will be shown later.

In the other hand, it is not clear how to deduce (2.61) from (2.48, 2.49). Note
nevertheless that (2.48) yields the following “partial” L? coercivity result, namely

(2.62) m(p, p) > o, / lop|? da, Vo e Vy, for somea, > 0.
Q
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2.4.4. A stable weak formulation. A first observation is that ¢ the solution of (2.12),
(2.13), (2.14) and (2.29) not only satisfies (2.27) but also

(2.63) o(t) € Vy, Vtel0,T].
Indeed, since ¢ is related to the solution u of (2.3), (2.6) and (2.7), by (see (2.10))
Orpp = Vidivu, Owps =—-VZcurlu,

where, at any time t, u(-,t) belongs to Dy (see Theorem 2.1). Then d;(t) € Vi
thanks to (2.33) (the same holds for ¢ due to the zero initial conditions).

As a consequence, since Viy C Vy, we deduce from (2.27) that ¢ is solution of

Find ¢ : [0,T] — Vy satisfying (2.29) and s.t.
(2.64) q2
7m(<p(t)a¢)+a(¢(t)a¢) :f(tﬂj)), VT/J € VNa

which is now set in a nice variational framework due to (2.49) (see Theorem 2.10)
and even more (2.61). We point out that the mapping ¢ — /m(¢p, ) is a norm
in the space Vy which satisfies

(2.65) Cilelze) < mle.e) < Calely.

However, this norm is not equivalent to the norm in Vi that is || - ||y and is given
by (2.20), nor to the L?(f2) norm. For this reason, problem (2.64) does not fit the
standard theory for second order hyperbolic problems, see [8] for instance. However,
the next theorem states that (2.64) has a unique solution. To state the result we
recall that the source term in (2.64) is given by (2.28), and more precisely

(2.66) Lt ) = —/Qg - (divep, —curl¢p)’ da where g(t) := ;/Ot f(s)ds,

with f € LY(0,T; L%(Q)) As the proof of this result is not central for the purpose
of this article, we have chosen to delay it to the appendix.

Theorem 2.12. Assume that f € L'(0,T;L%(Q)). Then there exists a unique
solution @ of (2.29, 2.64) such that

(2.67) e € L*(0,T,Vy),  Owp € L*(0,T,L*()),
where the involved time derivatives are considered in the distributional sense.

2.4.5. An equivalent mized formulation. We introduce additional unknowns that
are Lagrange multipliers to take into account the property (2.63), that is to say,
according to the definition (2.32) of Viy as the m—orthogonal of K and the char-
acterization of K via the lemmas 2.7 and 2.8. These additional unknowns are
thus

e a boundary unknown 7(t) € M to treat the m-orthogonality to Ky = £(M),
e a scalar unknown 7,(t) € R to treat the m-orthogonality to K g.

This allows us to search the unknown ¢ directly in the space Vj, which is much
easier to discretize than the space Viy. The mixed variational problem then reads



14 J. ALBELLA MARTfNEZ7 S. IMPERIALE, P. JOLY, AND J. RODRIGUEZ

as follows

Find (¢,n,n-): [0,T] — Vi x M x R satisfying (2.29) and s.t.
2

d
(2.68) { g2 " ¥) +ale, ) +b(n, ) +nempp, ) = Ut.y), VipeW,

m(pr, ) =0, and blr,p)=0, VveM,
where the bilinear form b(-,-) is defined by
(2.69) V() € M x Vo, bn,1) = m(E(v), ).

We have the following equivalence theorem between (2.64) and (2.68). We refer the
reader to theorem 3.18 of [4] for a straightforward proof of this result

Theorem 2.13. The problem (2.68) admits a unique solution (p,n,m,.) where
moreover, @ is the solution of (2.29, 2.64) with regularity (2.67), and n =n, = 0.

3. SPACE-TIME DISCRETIZATION
3.1. Galerkin space semi-discretization.
Discrete functional setting. The consideration of adequate Galerkin approximation
of problem (2.68) relies first on the introduction of finite dimensional approxi-

mations of the space V; denoted Vj; that will be naturally sought in the form
Vor=WNV, with

(3.1) Vi=VprxVsnCV,

where Vp, and Vg, are subspaces of H!(Q2) and h is an approximation parameter
devoted to tend to 0. At this moment they are abstract spaces but in practice we
aim at using typically standard Lagrange finite element approximations (see Section
4). They should satisfy the following approximation property, for all ¢ € H 1(9),

(3.2) ilLlLI%) wp,irelﬁ/p,h, HZZJP’h B 'l/}P”Hl(Q) =9 }ILIL% ws,irelf“/s,h ||'¢}S,h Bl wS”Hl(Q) =0

Thanks to the density of H*(Q) in V (see [7]) and the continuous embedding of V'
in H'(Q) this implies that,

. li inf - —
(3.3) Lim wigvh”'lph Ylly =0, VyeV,

which is a standard consistency condition for Galerkin approximation. We also
introduce finite dimensional approximations of the space M,

M, c L*T)nM C M,
that satisfies the approximation property

(3.4) lim inf |jvp —v|m =0, VvelM
h—0 v €My,
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A discrete bilinear form mp(-,-). In order to be able to mimic the proof of Theorem
2.10 which is closely related to stability properties that will be discussed later, it
will be useful to make a non-conforming approximation of the bilinear form m(-,-).
As a matter of fact, the modification only concerns the bilinear form mr(-,-). We
introduce for this the operator I, the orthogonal projection from L?(T') into My,

(35) (HhV) e My / /(Hhu) Zh d’}/ = / vy d’Y, Vo, € My,
I I

and we set, for all (¢, 1) € Vi, x V3

(3.6) mp (P, ¥y) = ma (@n, ¥y) + mrn (Pn, Yp)

where the symmetric bilinear form mr 5 (-, -) is defined consistently with the expres-
sion (2.26) for mrp(-,-), with a clever use the projection operator II, the interest of
which will appear later (cf. Theorem 3.5),

1
mr.n (Pns¥p) = _2‘/32/F Z(py, - 7) Mp(vp), - m) dy

1
N

(3.7)
/FI(¢h 7)1k (e, - m) dy.

Remark 3.1. Note that if the space of normal traces of functions in Vi, namely
V() = {¢h|r ‘n, P, € Vi,} € L*(D),
is included in My, then mp (-, ) = mr(-,-) since then, vy, = vy, Y vy, € Vo (D).

A discrete bilinear form by(-,-). Due to the operator £(+), it is not possible to deal
with the bilinear form b(v, 1) directly at the discrete level. For this reason we build
a discrete version. A first step consists in providing an alternative expression of
b(,-) (see (2.69)). To get this expression we remark that if p = p(v), see (2.39) and
(2.40), thus Vp - n = v and since b(v, ) = m(E(v),¥) with E(v) = Vp, we have

1 1
b(v,v) ZW/Qalpi/JPdw-FW/Q@mﬁsdw
P 5

(3.8)
1 1
72—‘/3 /FI(U) T )vdy — 2VSQ/FI(W) -T)Y - ndy.
Since Z(Vp - T) = p, we have
1 1
bv,¥) = — | Owpvpde+ — [ dopipsde
Vi Ja Vs Ja
(3.9) . )
— | T(ap - - . )
2V§/r (¢-7T)vdy e /def ndy

As said above we need to make a non-conforming approximation of the mixed-
problem (2.68) because in practice we can not manage with the operator £(+) itself
and we need to replace it by a discrete version &, (-) which is defined by the Galerkin
approximation of problem (2.39, 2.40). For this we introduce another finite dimen-
sional subspace of H(2), denoted Py, satisfying the same approximation property
than (3.2) and that must contain the constant functions. More precisely we define
En € E(Mh,Lz(Q)) such that &,y = Vpp, where p;, = pp(vy) is defined as the
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unique solution of

Find pj, € Py such that
(3.10) / Vpn - Vg de = / vpgn dy, Van € Py,
Q r

Z(Vpn - T) = pa-

Note that Vp;, does not belong to V in general but belongs to L*(Q). We define
bn(-,-) for all v, € M}, and v, € V, by, replacing p(v) with py(v,,) in the expression
(3.9) of b(-,-), making use again of the operator II; in order to counter-balance its
presence in the definition of mrp (-, -) (cf. (3.7)),

1 1
bn(Vn,y) = W/alpth,hdw+W/a2ph¢S,hd$
P JQ S JQ
(3.11) . !
- | T, — - n) dy.
572 [ 200ty = g [, om e

Note by, (-, ) is well defined in M), x V}, because the normal and tangential traces
of ¥, € Vj, are in L?*(T") which is the domain of definition of the integral operator
Z(-) (see (2.15)).

Remark 3.2. Note that in particular py, defined by (3.10), is a discrete harmonic
function in the sense that it satisfies
/ Vpn - Van,dz =0, Vg, € P, N H(Q),
Q

which is discrete equivalent of the property

Vp-Vgdx =0, VYqe H} (),
Q

that characterizes harmonic functions that belongs to H* ().

The semi-discrete approximation of the mized problem. We consider the semi-discrete
equivalent of the initial condition (2.29),

(3.12) ¢n(+,0) = 9y (+,0) = 0,

and, in accordance to the previous paragraphs we consider the following approxi-
mation of (2.68)

Find (@, mm,7r) 1 [0,T] — Vo5 x M}, x R satisfying (3.12) and
2
— mu(Pp, ¥y) + alen, V)

(3.13) dt
+ bn(nns¥y) + e m(@r. ) =Lt 4y), Vb, € Vo,

m(pr,p) =0, and by(vp, ) =0, Vv, € M.

In order to work in the space V}, instead of V5, we choose to treat the gauge con-
ditions in the definition of Vj (see (2.21)) in a weak (but exact) way by introducing
two new scalar unknowns (1,,7-) € R? that are Lagrange multipliers associated
to the gauge conditions in the definition of Vj. This provides the following mixed
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formulation (the equivalence with (2.68) will be straightforward after existence and
uniqueness which will be discussed in section 3.2)

Find (@4, Ths My s 1) 1 [0, T] — Vi, x My, x R3 satisfying (3.12) and
2

a2
(314) +nn(t)/l:¢h : nd7 + nf(t)/r,l/}h : Td7 = E(tawh)a v"ph S Vh7

bh(z/h,cph(t)) =0, Yy, €My,

mp(ep (1), V) + ale,(t),¥y) + on(n(t),¥y) + ne(t) m(p g, ¥y)

m(Pr, pp(t)) =0, /Fcph-nd'y:(), /Fcph-fd'7=0-

Moreover, using appropriate basis for the spaces V, and M}, of respective dimension
N and M and denoting by ®;, € RY, and E;, € RM the vectors of degrees of
freedom of ¢;, and 7y, in this basis, problem (3.14) results into the following algebraic
system of ODEs

°®
MhTQh + AL ®p +BLEL + Grnp + G + Gr e = Fi,

(315) B}I;(ph — 07
GT®, =0, GI®,—0, GI®)—0.

Note that M, and Aj; are N x N symmetric matrices (moreover A is positive
semi-definite), By is a N x M matrix, while (Gg, G,, G, ) are N x 1 matrices.

The formulation (3.14) has the advantage of well separating the role of the Lagrange
multiplier n from (9, M, ). However, for the sequel, it will be useful to have a
more compact writing of (3.14) by introducing a generalized Lagrange multiplier

(3.16) A = (s T e 1) € M, = My, x R,
Then (3.14) rewrites

Find (¢, 7) : [0,T] — Vi, x M), satisfying (3.12) and
d? o
(3.17) K5} mu (P Yp) + alen, ¥y) + 0n(n, ¥y) = Lt 1y,), Y, € Vi,
/I;h(/y\h>‘10h) =0, Y U EZ/\Zh.

where the bilinear form /b\(, ) Z/W\h x Vi, — R is defined for (ﬁh, ¢h) € ]/\4\h x Vi, by

(3.18) gh(ﬁh»¢h) = b (Vh, ¥p) +vr m(‘ADR7¢h)+Vn/¢h‘nd7+yf/¢h’Td7~
r r
In the same way, introducing

Ep = (Ep, ey iy r) € RMT3,
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the algebraic system (3.15) can be rewritten

d*®), PN
(3.19) Mgz +An®nt BB = F,
BI &), = 0,

where B), is the N x (M + 3) matrix given by

B, = (By Gr Gn G).

), (3.19) is completed with the initial conditions
_d4®,

(3.20) ,(0) = —"(0) = 0.

With the assumption we have on the source term g, we will look for solutions of
(3.19) with the regularity

®), € C*([0,T;RY), Ej € C°((0,T]);RM*),
which going back to (3.14), corresponds to
@p € CQ([O,T}; Vh)v Nh € CO([OaT]5Mh)7 (ﬂrﬂ?nﬂ?r) € CO([OaT]§R3)'

Of course, according to (3.12

3.2. Well-posedness and stability analysis.

3.2.1. Preliminary considerations. The problem (3.17) or equivalently (3.19) raises
several theoretical questions. Indeed the first one, to which we shall restrict our-
selves in this paper, is the well-posedness and the time stability of this problem. In
standard cases, this analysis relies on two properties:

i) The discrete coercivity of the bilinear form my(-, ) in Vv, namely,

(3.21) mp (. Pp) >0, Vb, € Vv \ {0},

where Vi, is a discrete equivalent of the space Viy defined as
(3.22) Vv = {) € Vi, bu(Dn. b)) =0, VD), € My}

This corresponds, at the algebraic level, to
(3.23) M, ¥, - ¥, >0, V ¥, #£0st. Bl ¥, =0.

ii) A discrete inf-sup condition namely V7, € M\h
(3.24) | B0, ) =0, ¥, € Vi | = 7 =0,

This corresponds to Ker B, = {0}.

Remark 3.3. Since the spaces Vi, and J\/Zh are finite dimensional spaces, the
conditions (3.21) and (3.24) are equivalent to the existence of constants kp > 0 and
op > 0 such that

(325) m}L(’l/Jh?'l/Jh) 2 Kh mﬂ(¢h7¢h)7 Vdjh S VN,h)

(3:26) VO € My, 3¢y, € Vi bu(Bnsn) = 00 D0l 57l190n v

In particular (3.25) can be seen as a discrete equivalent of (2.61). Note that we
do not know if the positive constant kp can be made independent of h. Of course,
we conjecture that this is the case for any “reasonable” choice of the approximation
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spaces but the proof of such result, which is fundamental for the convergence theory,
appears to be quite challenging.

The same remark applies to inequality (3.26), for which we even do not know (at
this moment) if there exists an equivalent at the continuous level.

As we shall see later condition i) is a sufficient condition for ensuring the existence of
solution of problem (3.14). It is also a necessary condition for time stability. Notice
that the Lagrange multiplier 7y, (¢) is a-priori only defined up to any function of time
with values in (see Theorem 3.9)

J/\ZN,h ={y, € My, bn(vnstpy) =0, ¥4y, € Vi .

The condition ii) ensures that this space is reduced to {0}, or equivalently Ker B, =
{0}, thus that 7, (¢) is uniquely defined.

While it is clear that condition i) is of fundamental importance, ii) is much less
crucial since we are essentially interested in ¢;. Moreover in practice, the failure
of ii) can be circumvented by selecting the solution 7, of minimal norm (e.g. in
L?(T) x R?) via pseudo-inverse procedure that we shall describe in Section 3.2.3.
The rest of this section is devoted to:
a) Provide an adequate compatibility conditions between Pj, and Vg j, in order
to ensure i). These are the conditions that must be verified when studding
the case of finite element approximation in Section 4.
b) Show that condition i) implies the well-posedness of (3.17) in the sense
explained above.

3.2.2. On the positivity condition (3.21). Let us introduce the space (see (2.47) for
its analogue at the continuous level)

(3.27) WN,h = {1,bh S VE)JL, bh(I/h,’l,bh) =0,Vuy, € Mh} D VN,h-

Our analysis will strongly rely on the following ad hoc compatibility condition
between the spaces P}, and Vg .

Assumption 3.4 (Weak compatibility assumption). For any p, € Pj such that
O1pr, = 0 and Ozpy, € Vs p, then

/ Dopnaqndz =0, Vg, € PN HY(Q) = J(a,b) €R? s.t. pj = axs +b.

Q

Theorem 3.5. In the space Wy 1, The quadratic form mp (¥, ;) takes the form
1

(3.28) mp (Y, ;) = 7z / 1015 (V1) [? d + ma (), — Vor(vn), ¥, — Vor(vn)),
* JQ

where v, = My (2, -n) € My, and 1/V? := 1)V —1/V3 > 0. Furthermore, if
Assumption 3.4 is satisfied then, (3.21) holds true.

Proof. The proof is done by mimicking the proof of Theorem 2.10 at the semi-
discrete level.

Step 1: Proof of (3.28)
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By definition (3.27) and (3.11) of Wy 5, and by (-, -), ¥ € Wi ;, means that, for any
function v, in My,

1 1
7/ O1pn(Vn) Ypn d$+ﬁ/ Oopn (V) Yg,h de
Vi Ja Vs Ja

b
V2

(3.29) )
/FIW’h “T)vpdy — @ /th(l/h) I, (¢, -n)dy =0,

where we recall that py (1) is the discrete harmonic function defined as the solution
of (3.10). Let us choose v, = I (), - m) € M. This is where the operator IIj, is
needed when the assumption of Remark 3.1 does not hold. We first observe, from
the definition of mr 4 (-,-) given by (3.7), that

1

1
—W/I("/fh'T)Vhd’)’:—*
s Jr

2 /F Z(¢py, - ) p (¢, - ) dy = mp p (P, P),).

Since pp (vp) is the solution of (3.10), we have (take ¢, = pp(vp)) in (3.10)

1 1 1
2V52 /th(yh) 1}, (¢, - m) dy 2Vs2 /th(z/h) v, 2V52 /Q |Von(vp)|* de

Substituting the last two equalities into (3.29), we obtain
1 2

(3.30)  mr (Y, ¥p) = vz IVpr(va)|” de
s Ja

2 2
—ﬁ/wp,h 51Ph(Vh)de—ﬁ/ws,hfbph(Vh)dW
Vi Ja Vs Ja

Thus, proceeding as in the proof of Theorem 2.10, one sees that mp, (¢}, 1;,) defined
by (3.6) can be rewritten as a sum of squares, which leads to (3.28). Details are
omitted.

Step 2: mp(p,, ) =0 and ¢y, € Vi, imply ¢, = 0.

This is where Assumption 3.4 is needed. Indeed, using (3.28) (notice that we have
the inclusion Vi, € Wi i), mp (¥, %)) = 0 implies d1pp, = 0 and v, = Vpy,.
We immediately deduce that, ¥p, = 0 and Oapp, € Vs . Moreover since, py, is a
discrete harmonic function, i.e.,

(3.31) / Dopn Ooqn = 0, ¥ qu € P 0 HA(9),
Q

we can therefore use Assumption 3.4 to state that pj, is an affine function of x5 and
that g, is constant. We now use the orthogonality of 1, to Kr to conclude that
1;, = 0 as in the proof of Theorem 2.10. [ ]

Assumption 3.4 appears as a compatibility condition between space Pj, with respect
to the space Vs but, since, Vs, C H'(f), this assumption is implied by the
following assumption that only involves the space P.

Assumption 3.6 (Strong compatibility assumption). For any pn € Pp, such that
O1pn = 0 and dopy, € HY(Q) then

/82ph82qh =0,VYg, € PoNH}(Q) = F(a,b)eR®st. pp=axze+b
Q
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This assumption can be interpreted as follows: every discrete harmonic functions
of Py, as defined in Remark 3.2, which derivative Oopy, has H'(Q)-regularity and
that is independent of x1 is an affine function of xo. The reader will observe that
this condition is the discrete equivalent of the trivial condition

Ap=0, dp=0 = 3F(a,b)cR*st. p=axs+0,

that was used in the proof of Theorem 2.10.

3.2.3. Well-posedness of the semi-discrete problem. We choose to analyse the prob-
lem (3.17) in its algebraic form, that is, (3.19). As it was said before, the major
difficulty is that the matrix M, is not positive definite. To circumvent this problem
we shall propose an exact penalized version of (3.19). The basic ingredient is the
following result in linear algebra.

Lemma 3.7. Let M € RVN be a symmetric matriz and B € RMN o rectangular
matriz such that

MW . ¥ >0, V¥ s.t. BT® =0.
Then, there exists a sufficiently small € > 0 such that

1
(3.32) (M+EIB%]BT)\II~lII>O, V& eRY.

Proof. In this proof we denote ® - ¥ the usual inner product in RY and || - ||2 the
corresponding euclidean norm. We proceed by contradiction. Assume that (3.32)
is not true. Then, there exists a sequence ¥y, such that [|[¥g]|2 = 1 and

(3.33) (M+kBB")®, - ¥, <0.

Since ¥y, is a bounded sequence in a finite dimensional space, up to the extraction
of a subsequence, we can assume that it converges towards W. Moreover, dividing
by k, equation (3.33), we obtain, at the limit k goes to infinity, that BT ¥ = 0 with
| ®|l2 = 1 and we have, since BB” is positive,

(M+kBBY)®), ¥, <0 = M¥, ¥ <0 = M¥ ¥<O0,

which is a contradiction. [ ]

We can apply Lemma 3.7 to M = M, and B = B, thanks to (3.23). Thus, there
exists ¢ sufficiently small such that

1~ ~
(3.34) Mj =M, + - By, BY is positive definite .
Thus, we introduce the penalised system
d’®5, o e
F——t + AL®; +BLE, = F
(3.35) Cap TR T
BI®; = 0.

A priori the solution depends on ¢ but in fact we did not change anything (this is
an “exact penalisation”) as shown in the following obvious lemma.

Lemma 3.8. Any solution of (3.19, 3.20) is a solution of (3.35, 3.20) and recip-
rocally.
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Thanks to the penalisation we enter the more standard framework already encoun-
tered in [6] for the case of static problems and as a consequence we can state the
theorem below. For the sake of completeness, and to make the article self content,
we provide a proof.

Theorem 3.9. Assume that Fj, € C°([0,T);RY). Then, the problem (3.19, 3.20)
admits a unique solution

(@1, Bn) € C*([0, TIERY) x C°([0, TT; (Ker By) ™).
Any other solution is of the form (®y,, Ej + EY) where EY € C°([0,T); Ker By,) is
arbitrary.
Proof. By Lemma 3.8, it is equivalent to consider the penalised problem (3.35)

and we drop the superscript € for the solutions from now on. The way we proceed
to prove existence (and uniqueness) of the solution (®j, E},) is as follows.

In a first step we assume that a solution (‘I’h,Eh) exists and we construct a well-
posed problem in ®;, alone (see (3.40)), by eliminating E). In a second step, with
the solution ®;, of this problem, we construct a particular E;, € C°(0, T; (Ker ]@h)L)
(see (3.38)) and prove that (®4,E},) solves (3.35).

Note that this process proves in particular the uniqueness of ®y,.

Step 1. We first obtain obtain an equation for Eh only. For this, we multiply the

first equation of (3.35) by B} (M5 )~!, which exists thanks to (3.34), and obtain

(3.36) ‘E,=BlF,

where we have set

(3.37) C; :=BY (M) "'B, and Fj:= (M) (Fn—Ay®,) € C°([0,T);RY).

From a classical result in linear algebra (see [9], Section 8.1 for instance) we have
Im(Bf) = Im(C5),

so that, given l?’h, there exists a solution Eh of (3.36), which is unique up to an
element of Ker Iﬁ%h. We can restore uniqueness by the so-called pseudo-inverse pro-
cedure that selects the (unique) particular solution E}, of minimum euclidian norm.
This is equivalent to imposing that E}, is orthogonal to Ker I@h or equivalently, im-
posing P, E}, = 0 where P}, the orthogonal projection operator in RM+3 on Ker I@h.
It is well known (see [1] for instance) that this solution is given by

(3.38) Ey=(C)'BLFn, T = (Ci+ (Pn)"Py).
Since I@hEh = I@hEh, from the first equation of (3.35), we see that ®; must satisfy
d’® ~ o~
(3.39) iT‘zh + Ay®), + By, (C5) 'BIF), = F),.
Using (3.37), the equation above can be rewritten as
_d*®,

S Th ALy, — B, (CH)IBT (M) A, ®
(3.40) h 12 + APy, h( h) h( h) h®Ph

~ o ~ -1
= F, — By, (C;)'Bi (M5,) F.



2D LINEAR ELASTODYNAMICS WITH POTENTIALS 23
Since M is positive the system above has a unique solution ®;, € C2([0,T]; RY).

Step 2. We now prove that the couple (®5,E}) is solution of (3.35), where ®},
is solution of (3.40) and E}, is given by (3.38). First, by definition of E;, we have
E;, € C°([0, T]; RM+3) and, from (3.39),
_d*®,
hde
We need to check that @g@h = 0. To do so, we multiply the equation above by
]@{ (M3) ! and get

+ A, Py, + @hEh = F}y,.

2@, . R PO B
By <ot =Bl (M;) 7 (Fu — Av®y) — B (M;) 'BuBw=B[F\ — CiE) = 0.
One concludes using the initial conditions (3.20). -

Remark 3.10. Notice that if f € L1(0,T; V) then Fy, € C°([0, T); RY) thanks
to (2.66).

3.2.4. Time stability analysis. In this section, we suppose that (3.21) is satisfied,
for instance through Assumption 3.4.

We introduce the energy &, (t) of the semi-discrete solution as

1 ey, Oy, 1
41 = = (7; 7) o ) ’
(3:41) Enlt) =55y Ty )+ (e en)
which we know to be a positive energy thanks to the positivity property (3.21)
(see Theorem 3.5) since ¢, (t) belongs to Vv 5, (cf. the third line of (3.17) and the

definition (3.22)).

Theorem 3.11. There exists a constant C, independent of T and h, such that the
unique solution ¢, € C%([0,T); V) of (3.14, 3.12) satisfies

(3.42) sup 52/2(15) < CfllLro,rz2(@))-

t€[0,T]

Proof. Choosing v, = 0y, (t) € Vi, as a test function in the weak formulation
(3.14), we easily obtain (details are left to the reader)

o (58 oo ) - (1 55),

After integrating (3.43) in time and using the initial conditions (3.12), we get, for
all t € [0, 7],

(3.44) En(t) = /Ot€<s, %(s)) ds.

Following the proof of Theorem 2.12 in Appendix, the right hand side of equation
(3.44) reads

/Oté(s, %(s)) ds = ;/Ot/gf- (div (¢p(s)), —curl (cph(s)))tdzc ds

_ /Q g- (div (‘Ph(t))v —curl (Lph(t)))t dz.

(3.45)



24 J. ALBELLA MARTfNEZ7 S. IMPERIALE, P. JOLY, AND J. RODRIGUEZ

Hence we obtain, using Cauchy-Schwartz inequality, as well as the definition of
a(-,-) given by (2.25), and of g given by (2.11),

590
‘/ h d5’ < — sup W”f”y (0,t;L2(Q))-

P selo,t]

Again, as in the proof of Theorem 2.12 we deduce

sup En(t) < == sup &) | £l 07220,
te[0,7] P telo,1]
which directly gives the result of the theorem. |

Corollary 3.12. There exists a constant C, independent of T and h, such that the
unique solution @, € C?([0,T); V) of (3.14) satisfies, for all t € [0,T],

(a) Valey(t), () < CIFllro,r20)

b) v/m(en(t), 0,t) <CT | fll220.1:222)-

Proof. Estimation (3.46)(a) is a direct consequence of (3.41, 3.21, 3.42). Thanks
to the vanishing initial condition (3.20) we can write

o) = [ 225y

(3.46)

Since y/mp(+, ) is a norm on Vi p,, Jensen’s inequality (a continuous version of the
triangular inequality) implies

0 0
Vma(en(t), \/mh Th (s), Fon (s )) ds < V2t sup &/%(1).
at ot te[0,T]
Then we use Theorem 3.11 to obtain (3.46)(b). ]

The relative weakness of the above result is that it is not clear whether estimation
(3.46) guarantees an uniform (in h) estimate of ¢, (¢) in H(div,Q) N H(curl, Q) :
it provides only a control of the L? norm of the divergence and the curl of v, (by
definition of a(+,-)) and also, thanks to the expression (3.28) of my(+,-) in Viy 1), a
control of the L2-norm of ¢ p(t). However, it does not give any control of L%-norm

of (,OS,h(t).

3.3. Time discretization. In this section, we investigate the well-known #-schemes
(Section 3.3.1) and a mixed explicit-implicit scheme (Section 3.3.2). The #-scheme
will be considered as the reference scheme and the mixed implicit-explicit scheme
as an improvement and an extension of the scheme that was already proposed for
the case of the Dirichlet condition [3]. Its advantages will be outlined in terms of
the CFL condition.

Throughout this section, At will denote a time step such that NAt =T, ( h,Eh)
denotes the approximation of (®y(nAt),Ey(nAt)), where (®5,,E},) is the solution
of (3.19) and F} = Fy(nAt).
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3.3.1. Theta-schemes. The schemes we propose in this section are a family of con-
servative centered integrators, parameterized by 6 € R and that belong to the class
of Newmark schemes. Applied to (3.19), these schemes lead to

M, et —29) + @5}
(3.47) At?
BI®) =0,

+ A {®)}o + BLE, = F},

completed with ®) = &; = 0. In (3.47), we have used the notation
(3.48) (@1 =0®" T + (1-20)®) + 07"

At each iteration, (®} ', ®}) are known and we compute (‘I>Z+1,EZ) by solving
the linear problem

~n 2@y — &)1
(349) Lo (@) = (Fj+ Myt gt — — (1-20) A} 0 412}, 0)
with
M, _
2 +0A, B
(3.50) Lo, — [ ez 7000 Bn
BT )

Remark 3.13. When 0 = 0, we get the "explicit scheme”, frequently called the
”Leap Frog” scheme. Assuming EZ known, the computation of @Z“ is reduced to
the inversion of the mass matriz M, which might be easy (when 6 # 0 the matriz to
be inverted involves Ay, ), reason why it is called explicit. The quasi-explicit nature
of the scheme will become more clear when Lagrange finite element will be used (see
Section 4.3): in such a case, the use of mass lumping techniques will produce a
mass matrix which is “almost diagonal” and thus easy to invert.

We describe below the theoretical properties of this scheme.

Well-posedness analysis. Not surprisingly, if the properties (3.21) (discrete coerciv-
ity) and (3.24) (discrete inf-sup) are satisfied (see Section 3.2.1), it is easily seen
that the matrix Lg j is invertible. This can be done along the same lines of the
analysis of the semi-discrete sheme (see Section 3.2.3 and Theorem 3.9). Let us
sketch the proof. Note that the invertibility of the matrix Ly j is equivalent (this
is exact penalization) to the one of the matrix

M, B,BY

— 0A, B
(3.51) sa= | AT T TR Bl
BT )
where ¢ is chosen small enough so that (this is possible thanks to Lemma 3.7)
M, = B,BT

A2 is positive definite.

Since Ap, is non negative, the first block of Lj , in (3.51) is also positive definite.
Then, a standard Schur complement procedure yields the invertibility of L .

Remark 3.14. If only (3.21) (discrete coercivity) holds, but not (3.24), we have
Ker Lg,h = {(0, Eh)t, Eh € Ker Eh}
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1
Stability analysis. Let us use energy techniques. Let <I>Z+2 = %(‘I’Z“ + <I’Z)

n+d 1 e @) et -dp 1 ntl ntl
(352 &yt =3 Mha—t— g AT

be the discrete energy, with M A+ := M, —At? (1%449>Ah the modified mass matrix.

We show below that the stability of the scheme can be proven if this energy is a
positive quadratic functional on the kernel of ]B%{. Since Ay, is a positive semi-definite
matrix, it is sufficient to have that

(3.53) BiW, =0 = M,a:P, P, >0.

If > 1/4 then (3.53) holds thanks to (3.23) (the algebraic version of (3.21)). On
the other hand, when 0 < 0 < 1/4, (3.53) requires a condition on At:

Assumption 3.15. [CFL condition - Theta-scheme] If 0 < 6 < 1/4, At satisfies

149 a(¥n¥n)
4 ) wher‘?ﬁf\w} mu(Pp,Py)

(3.54) a<l with o= Atz(

We have the following stability result.

Theorem 3.16. Assume (3.21), (3.24) as well as the stability condition (3.15).
Then, there exists a constant C, independent of T and h, such that the unique
solution ®} of (3.47) satisfies

1 1
(3.55) max (5h9 )2 <ClSllro,rL2 @)

Proof. The first part of the proof is standard and we just recall the main steps
for the sake of completeness. Taking the euclidian scalar product of (3.47) with
(@) — @) 1)/2At we obtain

n+3 n—3% _
ghﬁ 2 _ gh’g 2 B . (I)nJrl _ (I)Z 1
At h 2At ’

where we have used the symmetry of A, and Mj,. In particular, after summation
over discrete times, we deduce that

(3.56)

o (I)m—i-l Fm—1
+2 = At Z Fm .Zh T Fh

2At
A "f FZH_l _ F?]:Ln . @Zl-ﬁ-l + (I)Zi +Fn . @Z—i—l + (I)Z
e At 2 h 2

which is nothing but a discrete equivalent of the identity (3.44) for the semi-discrete
case. To conclude, it suffices to mimick the end of the proof of Theorem 3.11. We
omit the details. n

Corollary 3.17. Assume (3.21), (3.24). Then there exists C > 0, independent of
T and h, such that the solution of (3.47) satisfies, for alln € {0,..., N},

C
TUF 207 :
m ||f||L (0,T;L2%(Q))

1
(3.57) (th);;“ : <I>;;+1) ? <
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and
1

n+x n+3\ 2
(3.58) (Ahq)h P, 2) < Clfllero1L2 @)

Proof. First the estimate (3.58) directly follows from (3.52, 3.53, 3.55). To obtain
(3.57) we write
n @’I’k‘rl _ @n
Pt =AYy At
and using classical manipulation (omitted here) we obtain (3.55). Simply note that
the presence of /1 — o where « is defined by (3.54) results from a lower bound of
the modified mass matrix M a:. [ ]

3.3.2. A mized explicit-implicit scheme. Following [3] we introduce an explicit-
implicit time discretisation where we only treat implicitly a part of the bilinear
form a(-,-). More precisely, starting from (2.25) and since Vpj, and Vg, are sub-
spaces of H' () it is possible to write, for all ¢, and 1, € V}, (see [4] or [3])

(3.59) a(Pn: Yr) = aalPn, ¥i) + ar(en, ¥y,

where

(3.60) aq (e, ¥),) = /QVgap’h -Vipp de + /Q Vsh - Vipgp de,
and the "boundary part”

(3.61) ar(@n, ) = /r (0r0pnths,n — Orpsntopn )dy.

Let Af! and Al be the matrices associated to the bilinear forms ag and ar, i.e.
Ap = AR+ AL, AV®, @, = aa(ey, ¥y), ALY - @5 = ap(ey, ¥y).

The explicit-implicit scheme for (3.19) is obtained by treating implicitly with 6 = i
the "boundary part” A} of A, and explicitly the remaining part:

M, o 2@ + B!
(3.62) At

BT ®} =0,
completed with ®) = &, = 0. At each iteration, (®} ', &) are known and we

compute (<I>Z+17EZ) by solving

+ AR} + AL {®}}) +BLE), = FY,

(3.63)
N 247 — 1 1 1 '
n+1 _ n n n n—
Lrn (<I>,L ,Eh> = ( my Mh% —AS®) — iA}:@h — 7A@ Lo
with -
M, AL o
Ly Th B
Lon— |22 72 "
BT 0

The reason why we call this scheme explicit-implicit will become more clear when
applied with Lagrange finite elements (see Section 4). Note that, since Al has no
sign, it is not clear that (3.63) can be solved. We show below that a unique &}
solution of (3.63) exists provided an appropriate stability condition (in other words
solvability and stability are proven together).



28 J. ALBELLA MARTfNEZ7 S. IMPERIALE, P. JOLY, AND J. RODRIGUEZ

Analysis. Again, we proceed by energy techniques. The we introduce the discrete
energy

n+i 1 At2 ¢n+1 — P ¢n+1 — "
(3.64) 5h+§ = *(Mh— TA§’2> h o ®h h

2 At At

Note that an important difference between (3.52) and (3.64), is that, in the first
term of the sum, Aj; has been replaced by A,? (and, less important, 1 — 46 by 1).

1 +l Jrl
P lmapttapt

As in [3], with the same approach as for proving Theorem 3.16, we prove an equiv-
alent for (3.62) of the identity (3.56) for the #-scheme.

Lemma 3.18. Any solution (®},, E}) of (3.62) satisfies the identity
et -gt o - @
At 2At ’

Assumption 3.19. [CFL condition - Implicit-Explicit scheme] The time step At
satisfies

(3.65) = F}.

At?
(3.66) a<l with a=2  pax  2@wvn)
4 wyev\o} (Y, 1))

Remark 3.20. Let us explain here why we consider that the stability condition
(3.66) is better than the condition for the Leap Frog, i.e. (3.54) for 6 = 0, at
least for the Dirichlet problem treated in [3]. The reason is that the bilinear form
aq(-,-) s, contrary to a(-,-), a “decoupled” bilinear form (see (3.60)) in (pp,ps)
or, equivalently, that A% 18 2 x 2 block diagonal. For the Dirichlet problem, we
consider mp = 0, that is to say mp(-,-) = mq(-,-), which is also decoupled, and
the stability condition is

At? f |V1ﬁh‘2
ap <1, ap=—- max(Ap,Ag), Ao=V2 max "
D D 4 (Ap ) Q Q B, EViun fg |vn|2

Note that Ap only depends on the discretization space Vp, and As only depends on
the discretization space Vs . As a consequence, one can fully benefit of choosing
different spaces Vpyp and Vpyp is such a way that Ap ~ Ag, so that the CFL
condition is no longer penalized by a large ratio Vp/Vs. We shall see that, despite
of the presence of mrp for the Neumann problem, a similar nice property can be
recovered with Lagrange finite elements (see Section 4.2).

Qe {P,S}.

We have the following main result.

Theorem 3.21. Let Assumption 3.19 hold, then there exists a unique ®} solution
of (3.62) and there exists a constant C, independent of T and h, such that it satisfies
n+%

3.67 eHE <o _ _
(3.67) Lomax (674 <l

As a consequence, the a priori estimates (3.57) and (3.58) hold true.

Proof. The a priori estimates are established as in Theorem 3.16 and Corollary
3.17. Since the problem is linear and one works in finite dimensional subspaces,
these yields the solvability of the scheme. Details are omitted. |
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4. APPLICATION TO IP{-FINITE ELEMENT APPROXIMATIONS

In this section we assume that 2 is a polygonal domain with (open) edges denoted
’Yma ]- S m S M:

M
D= JAm wNye=0ifk#L
m=1

We consider three Lagrange quasi-uniform (see Remark 4.1) families of conforming
(non-degenerate, see Remark 4.2) triangulations of Q (see [10] or [5]) 7,5, T,”
and Ty (with respective sizes hg, hp and h) that will serve respectively for the
discretization of the potentials ¢g, @p and the auxiliary variable p = p(v) (see
(2.39, 2.40)) involved in the definition of the operator £ and the bilinear form b(-.-)
(see (2.41) and (2.69))). We define the following spaces

Ven = {epneHY(Q)/VK € 77—5,7 opnlx € P1(K)},
(4.1) Vsn = {eosneH(Q)/VEKeTE, osnlx € P1(K)},
P, = {pheH'Q) /YK ETh palx € Pi(K)},

and we recall that Vj, = Vpj, x Vg . In section (4.1), we investigate the positivity
property (3.21) and the discrete inf-sup condition (3.24), provided an adequate
choice of the space Mj,. Then, in Section 4.2, we study in more details the stability
conditions (3.54) and (3.66).

Remark 4.1. A family of triangulations Ty, of step size h := sup{diam K, K € Ty}
is said to be quasi-uniform (see [10] or [5]) if there exists a number p > 0 (by
definition the quasi-uniformity factor of the family), independent of h, such that

(4.2) VK €T, pk > ph, where pk is the radius of the largest disk inside K.

Remark 4.2. By non degenerate triangulations, we mean triangulations that have
at least one interior node in . The reader will notice that, in practice, this is
almost not a constraint.

4.1. Positivity and inf-sup condition.

Positivity property. Our first (and easy) result expresses the fact that using Py
finite elements for the auxiliary space P, is sufficient for guaranteeing the positivity
property (3.21), whatever is the choice of the spaces Vp, and Vg .

Theorem 4.3. With the choice of the space Py given by (4.1) the strong compati-
bility assumption 3.6 holds hence the positivity property (3.21) holds.

Proof. For any p;, € P}, since py|x € P1(K), in particular dapy, is constant in K.
The condition dap, € H(Q) is then sufficient, since Q is connected, to conclude
that this constant is the same in all triangles, i.e. dopp, = a € Q for some a € R. =

Construction of My, and inf-sup condition. A less important but nevertheless de-
sirable property is the discrete inf-sup property (3.24). It appears that proving
this property is slightly more difficult than proving the positivity property (3.21).
This is where the construction of M, is involved. Our proof of (3.24) will use a
weaker inf-sup condition, that appears for instance in the analysis of mortar element
methods (see [16] for instance)

(43) VhEMh, /thhd’)’:() thEPh = vy, = 0.
T
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Several choices of space M, would make property (4.3) true. We have chosen to
construct M, as the trace space of functions in Py, except at the vertices of 2,
where we introduce a discontinuity while, at the same time, reducing by 1 the
polynomial order of functions in M}, along the two adjacent edges of the mesh that
share this vertex. This leads to introduce a mesh 7;(T") as the trace of Ty,

Th(T) ={0K NN/ K € Ty},
and to separate the edges of Sy, into two groups, T(T') = T;{(T) U T2(T') with
THT) N TR(T) = 0. The edges in 7;(T') do not share any extremity with the edges
Ym. Saying otherwise, no end point of any edge e of 7,/(I') coincide with a vertex
of 2. We next define the finite element space M}, as

M
(4.4) M, = {yh e [T H Owm) / YeeTi(T) wle € Pie),

m=1
Vee TT) wle € Pole) ).

With this choice it can be proven that (4.3) holds (see again [16]). Moreover it will
be useful later to use the property that, since €2 is a polygonal domain, components
of the outward normal n = (ny,n3) belong to My, and therefore, if IIj, is the
projection from L?(T') on My, (c.f. (3.5)),

(45) Hh(nl) =ni, Hh(TLQ) = nN2.

For proving the inf-sup condition, we shall use two technical conditions. The first
concerns the triangulation 7.

Assumption 4.4 (Admissible triangulation). The triangulation Ty, of Q is admis-
sible if all the edges parallel to the xo axis not belonging to the boundary have at
least one extremity inside €.

Note that Assumption 4.4 is not very demanding since, even when it fails (see for
instance Figure 1, left picture), a small modification of 7, permits to recover it
(Figure 1, right picture)).

The second condition is a compatibility condition between the space Vg j and the
triangulation Tp.

Assumption 4.5 (Compatibility). For each element K € Ty, there exists a function
Vs, k € Vs with support included in K and such that fK Ys x dx # 0.

The reader will easily verify that this assumption holds if 77;95 is a submesh of Tj
so that any open triangle K of 7; contains a node of 7;LSS, as illustrated by fig. (1).

In the rest of this section,
(i) We first prove an intermediate inf-sup condition for the bilinear form by, (-, -),
using the "mortar” inf-sup condition (4.3). This is Lemma 4.6.
(ii) We show that the proof of inf-sup condition for the augmented bilinear

form Bh(-, -) can be more or less reduced to the use of Lemma 4.6. This is
Theorem 4.7.

Lemma 4.6. If the assumptions 4.4 and 4.5 hold, then
(4.6) bh(vh, ) =0, Y, € Vi NH(Q) = 1, =0.
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FIGURE 1. Left: sketch of a triangulation 7} that does not satis-
fies Assumption 4.4 because of the leftmost interior edge (in red).
Right: sketch of a triangulation 7, = 7,” (in black) and 77LSS (in
grey) satisfying both assumptions 4.4 and 4.5.

Proof. Assume that by, (v, ;) = 0 for all 4, € V;, N H(Q). Using the definition
(3.11) of by, (-, -) as long as v, € V,,NH(K2), we have, since boundary terms vanish,

1 1
(4.7) b (vh, ¥y,) = 7/ O1pn Yp,p dx + 7/ O2pn Ys,n dex,
Ve Ja Vs Ja
where pp, = pp(vp,) is defined by (3.10). We split the rest of the proof in two steps.

Step 1 : we prove that Vpp,(v,) = 0. Let K be any triangle of 7;. Using Assumption
4.5, we can take ¥, = (0,5 k) in (4.6) and get

/ Dopn s At = Dopnic / "
K K

since Oopy, is constant on each element K. Thus dopr|x = 0 and therefore
pr(x) =axx1 +bg, VaeK.

Next, let K and K’ in 7, share an edge e. We also have
pr(x) =agr o1 + b, VaeK'.

We now prove that ax = ags and bx = bg/. To do so we distinguish two mutually
exclusive cases.

FIGURE 2. Left: sketch of the configuration B(i). Right: sketch
of the configuration B(ii). Each time the element K is chosen
adjacent to the boundary T'.



32 J. ALBELLA MARTfNEZ7 S. IMPERIALE, P. JOLY, AND J. RODRIGUEZ

A. If the edge e is not parallel to the x5 axis, then the continuity of pj across e
yields ax = ag’ and bg = bg/: argue on the equality of two affine functions
of the real variable along a non empty interval of R, namely the projection
of e on the real axis (this is where the fact that e is not parallel to the x4
axis comes into play).

B. If the edge e is parallel to the x5 axis, then thanks to the admissibility
condition of Assumption 4.4, there exists an extremity v of e that is interior
to Q. Therefore, the corresponding Lagrange basis function ¢, belongs to
P, N HY(Q). Then, as illustrated in the Figure 2 below, two cases arise.

(i) There does not exist any other edge having v as a vertex that is parallel
to the xs axis. In that case, arguing several times as in point A (turning
around v without crossing e, see Figure 2), we conclude again that
aK = agr and bK = bK/.

(ii) There exists another edge e’ that has v as a vertex and is parallel to
the zo axis. Then, the vertical segment e U e’ splits the support of g,
into two parts:

supp ¢, = Q, U, KcCQ, K cQ,.

Arguing as in point A, d1pp, = akx in Q, and Oipy = a in Q. We
now use the property that p, is a discrete harmonic function. Choosing
gn = ¢y in (3.10) we obtain

/alphalqv de =0 = aK/ O1q,dx + ak d1qpdx = 0.
Q Q. Q)

Using Green’s formula we obtain (ax — ak’) [

cUer Qv dv = 0 which
implies ag = ak-.

Finally, the continuity of p; across e also implies by = bg.

Repeating the above argument, by connexity of {2, we deduce that pj is an affine
function in all €2,

pr(z) =ax1+b,Vx e

Finally, the triangulation 7} being non degenerate, there exists a function ¢¥pq €
Vp.,, whose integral over Q is positive. Choosing now %, = (1p.q,0) € Vi, N H}(Q)
as a test function, we obtain

1
bn(vn, y,) = —2/ Opr¥pade=a / Ypodx  which implies a =0.
VP QO Q
This completes the proof of Step 1.

Step 2: we prove that v, = 0. Going back to the definition (3.10) of pp,(vy,), we see
that Vpy (1) = 0 implies

/Vthdﬁ’:(l Y qn € Py,
I

hence v, = 0, thanks to the inf-sup condition (4.3). [ ]

We are now in position to prove the following theorem.
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Theorem 4.7. If the assumptions 4.4 and 4.5 hold then (3.24) holds, i.e.
(4.8) bn(Dnpy,) =0, Vb, €V, = D) = 0.
Proof. By definition (3.18) of Bh(-, -), the assumption at the l. h. s. of (4.8) is
@9)  bulwth) + vy i) +vn [ mdy o, [ rdy =0,

for any v;, € V},. In the following proof, we show first that v, = 0, then that v}, = 0,
finally that v, = v, = 0.

In order to isolate v,., we first get rid of v, by building a function 1), in the kernel of
the bilinear form by (-, -). The reader will easily verify that, at the continuous level,
¢ :=(0,1) is in the kernel of b(-,-). The first step is to check that this property is
preserved at the discrete level.

Step 1: the field ¢ := (0,1) € V}, satisfies by, (vp, ) =0, Vv € M.

Indeed by definition (3.11) of by(+,-), we have, with py = pp(v4),

1 1 1
ne) = o [ de— i [ T mimadr = s [ minte-myay

1 1 1
= — dy — = [ Z(p- dy — = I, (o - ) d
72 /thnz ¥ QVSQ/F (p-7)vndy QVSQ/th (e -mn)dy,

where we have used Green’s formula for the second line.

Since ¢ = Vg, Z(p - T) = x3. Moreover, by (4.5), I, (¢ - n) = ny. Therefore

1 1
4.1 b = —s dvy — — d~.
(4.10) h(Vh, @) 2V52 /th ng dy 2‘/3 /FacQ vy, dy

On the other hand, taking g, = @2 in (3.10) (for py (1)) yields

7 fimmtn= g [
72 Ph N2 = 95 X2 Vp .
v Jr v Jr

This equality, coupled with (4.10), completes the proof of Step 1.

Step 2: v, = 0. We choose ¥, = ¢ in (4.9). Noting that, since I' = 9Q is a closed

loop and ¢ = Vo,
/¢~nd7:/<p-fd'r=0,
r r

we simply get v, m(@g, ) = 0 which yields v, = 0 since we proved (see (2.55))
that m(‘PRv ‘P) 7é 0.

Step 3: v, = 0. We simply take in (4.9) any element v, of V;, NH{(Q). Of course,
boundary termns vanish and we simply get by, (v, v,) = 0 for all these 1),. Then,
Lemma 4.6 allows us to conclude.

Step 4: vn = vy = 0. It suffices to take in (4.9) ¥, = v,, := (z1,72) = 5 V|z|? €

1
2
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V', which satisfies

1
/1/)n'nd’)’=*/2d$>0 and /1/Jn-Td'y:0.
r 2 Ja r

to conclude that v, = 0. In the same say, taking ¥, = ¥, = (x2,—11) =

1curl|z|? gives v, = 0. ]

4.2. About the CFL condition for leap-frog and implicit /explicit schemes.

4.2.1. Preamble. For the acoustic wave equation with velocity c, it is well known
that finite element approximations (on a quasi-uniform family of meshes of step-size
h) in space coupled with explicit time discretization (Leap Frog scheme) lead to a
CFL stability condition of the form

(4.11) X <),

where the constant C(p) does not depend on the velocity ¢ but only on the coef-
ficient p appearing in the characterization of the meshes (see Remark 4.1). More
precisely, it is possible to show that there exists a sufficient stability condition of
the form (4.11) and that, in the particular case of regular meshes, such a condition
is asymptotically necessary (when h — 0).

Note that this means that At is constrained only by the ratio h/e¢, that is to
say by the number of mesh points per wavelength: take for instance the case of a
time harmonic source with period T, that generates a wavelength A = ¢T', then
h/c =T(h/A), where the ratio h/A is (for a regular mesh for instance) nothing but
the inverse of number of mesh points per wavelength and determinates in practice
the accuracy of the approximation.

If we extrapolate the above observation to systems involving several velocities be-
tween Cpin and Cmaz > Cmin , like the elastodynamics system, the accuracy leads
to constrain h by ¢min (associated to the smallest wavelength). In the other hand,
the stability of the scheme constrains the time step At by the inverse of ¢;q,- In
consequence, the computational time is proportional to ¢naz/Cmin-

For elastodynamics, with our method, we want to take advantage of having two
meshes with step-sizes hp and hg respectively, that we can adjust in such a way
that hp/Vp ~ hg/Vg, so that the number of mesh points per wavelength is about
the same for the two types of waves, which are then approximated with a similar
accuracy.

To fully benefit from this, for a given ”explicit” time discretization, we would like
to obtain a (sufficient) stability condition of the form

hp hs).

(4.12) At < C(p) min (7, w
P S

If this holds, the corresponding computational time would not depend on Vp/Vg.
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4.2.2. Assumptions and main results. Before going into more details, let us first
explain why it is not so easy to obtain a sufficient stability condition of the form
(4.12), for example for the implicit-explicit scheme (3.62). A natural approach, that
we recall for completeness, would consist in starting from the following classical local
inequality to get corresponding global inequalities.

Lemma 4.8. For all v € P1(K)

2
/|Vv\2 dwﬁ% / |v|? de,
K Pk JK

where pg is the radius of the largest disk included in K.

Proof. We give a short proof for the sake of completeness. Following the notation
of [10], let Fix (&) = Bg&+bk denote the affine mapping from the reference element

K (the triangle with vertices (0,0)¢, (0,1)" and (1,0)") to the element K. Then (as
in Theorem 3.12 in [10]) one can easily deduce

/|W|2 de < ||BI}1||§|detBK|/ |Vg(vo F)|? d&,
K K

/ lv|? dz
K

where, as usual, Vg is the gradient operator in the local coordinates & and || - |2
also denotes the matrix norm induced by the euclidian norm. Moreover one can
show that

(4.14) /A |Vz(vo Fi)|* d& < 36 /A lvo Fi|? d&,
K K

(4.13)

|detBK|/A|voFK|2d:i:,
K

since one can verify that the inequality above is an equality for the eigenfunction

~

W= —243%1 + 3%2 in P (K) that is associated to the largest eigenvalue A = 36 of
the eigenvalue problem,

/Avw-Vﬁd:i:)\/Aw@d:fc, Vi € Py(K).
K

R
Note that the other eigenpairs are (A = 0,% = 1) and (A = 12,% = 1 — Z2).
Equation (4.13) and (4.14) imply that

/ Vol? de < 36]| B3 / of? de,
K K

and, finally, from Theorem 3.1.3 in [10] we have ||Byx'lla < v2/px hence the
result. [

Since the triangulations 775, and ’7;;0’5 are quasi-uniform (cf. Remark 4.1), one easily
show the following result.

Theorem 4.9. Let A(p) = 72/p?, then for any (Ve Ysn) € Ve X Vg,

A A
/ |Vpu|? dz < (f) / lvpnl? de, / |Vipsp|? de < (2p) / [s.n|? dz.
0 hey  Jo Q hs  Ja

As a consequence, we deduce immediately

V2 V2
Vi € Vi anlbtpi) < Alp) max (5255 ) ma(n ¥)
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However, the quantity involved in the abstract CFL condition (3.66) is

max aQ("/’h”‘/’h) " max aQ("/’h”‘/’h)
P, €VN n\{0} mh(whawh) P, €V 1 \{0} mﬂ(whawh)

_ V2 V2
th A(p) max (hié?’ %),
P

(4.15)

IN

where, according to Remark 3.3, we have define,

mh(¢h; 1/’h)

4.16 Kp 1= max .
(4.16) " gevingor ma (W, ;)

Using (4.15) in (3.66), we see that a sufficient stability condition for the scheme is

2 1 hd hg
(4.17) At* <4 K A(p)” " min (—, —)
V2 V2
We would have reached our goal if we would be able to prove that xj is bounded
from below by a quantity independent of (hp, hg), as well as (Vp, Vs). Even though

we believe this is true, this is precisely what we did not succeed to prove (cf. Remark
3.3).

This is why we need to proceed differently which leads us, for technical reasons, to
assume the following condition of the meshes triangulations 775) , 771‘5; and Tp

Assumption 4.10. The triangulations 7753 and 77153 are subtriangulations of Ty,
hence the approzimation spaces satisfy P, C Vi, p and P, C Vi, 5 (by saying T, is a
subtriangulation of Ty, we mean that any triangle of Ty, is a finite union of triangles

of Ty)-

Theorem 4.11. Suppose that the families of triangulations Ty ’7;53 and 77153 are
quasi-uniform with quasi-uniformity factor p and that Assumption 4.10 holds then:

e (i) A sufficient stability condition for the implicit-explicit scheme is

(4.18) At < Atgr with Aty = hp hs).

P (
—— min ( —, —
3v/2 Vp' Vs
o (ii) A sufficient stability condition for the 0-scheme is

(4.19) At < (1Atig)1 with Aty p = Aty /V/2.

Remark 4.12. We suspect that the above assumption on the triangulations, that
we use of course in our proof, is not really needed for guaranteeing sufficient sta-

bility conditions similar to those of Theorem 4.11. Note however, that it is not so
constraining in practice.

Remark 4.13. If we compare the sufficient CFL condition for the implicit-explicit
scheme with the one of the explicit Leap Frog Scheme, we see - this is not surprising
- that the obtained CFL for the Leap-Frog scheme (6 = 0) is \/2 more restrictive.
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4.2.3. Proof of Theorem 4.11. We shall restrict ourselves to prove the point (i) of
Theorem 4.11, i.e. to establish the sufficient CFL condition for the mixed explicit-
implicit scheme (3.62). The proof of point (ii) is quite similar and left to the reader
(see however Remark 4.15 for useful comments).

The idea is to obtain a global bound in the whole domain ) from local bounds in
each triangle K. This leads us to introduce the “broken” discrete spaces

Vi, = {epn € LX(Q) /YK €T, opulx € Pi(K)},
(4.20) Ve, = {psn€L?*(Q)/VKeTS, vsnlk € P1(K)},
Vi = VR, x Ve,

as well as the “broken” bilinear form a?, defined by
a?z(ﬁohﬂl’h) = Z ao,k (Pn, ¥n)s YV (@n, ¥y € V}bL X Vlg'
KeTn

where we have defined
aq, k (Pn, ¥p) = / (Vopn - Vpn + Vs - Vs ) de.
K

Remark that Vj, C V and that aq(-,-) and a%(-,-) coincide in V},. Moreover if
Assumption 4.10 holds then VP, C V,E. We have then the following result:

Lemma 4.14. Let Assumption 4.10 hold, then the condition (3.66) holds if
At?
(4.21) ma($n, ) = = ao(Wn ) 20, Vb, €V
Proof. First observe that, since second order derivatives of functions in P, vanish
in each K, for any g € Pp, and ¢;, € V,E we have,

at(en, o) = ad(@n — Van, ey, — Van).
Moreover thanks to our assumptions on the approximation spaces, for all ¢, € V,_bb
and all g, € P, we can choose ¢, = ¢, — Vg, in (4.21) and obtain

2

At
(4.22) ma(py — Van, @, — Van) — a4 at(en en) 20, Y (pp,an) € VZ X Ph.

Thanks to (3.28) (see Theorem 3.5) we know that, for any ¢, € Vi p,

(4.23)  malens en) = ma(en — Vor(vn)sen — Von(vn)),  vi = a(py - n).
Then applying (4.22) with g = pn(vi), we obtain

2,
a(enen) =20, Ve, € Vg,

4

which is nothing but (3.66) since the bilinear forms a?z and aq coincide in Vx5, |

mh(‘th‘Ph) -

To conclude the proof of Theorem 4.11, point (i), it suffices to proceed in the same
way that we explained in Section 4.2.1. The details are left to the reader.

Remark 4.15. The proof of (ii) for the 0-scheme is done along the same lines,
introducing the broken version a’(-,-) of the bilinear form a(-,-) and establishing the
equivalent of Lemma. Let us simply mention that the \/2 factor appearing in the
right hand side of is a consequence of the obvious (but sharp) inequality between the



38 J. ALBELLA MARTfNEZ7 S. IMPERIALE, P. JOLY, AND J. RODRIGUEZ

quadratic forms associated to a(-,-) and aq(-,-) (and the same holds for the broken
versions)

VeeV, ale,p) <2aa(p,p).

4.3. About mass lumping. Let us recall that the mass lumping procedure for
finite element methods consists in computing approximately the mass matrix via
appropriate quadrature formulas on triangles in such a way that the approximate
mass matrix becomes diagonal and the order of accuracy of the approximation is
preserved. This is essential for making explicit schemes really explicit computa-
tionally.

In our case, the approximation concerns only the volumic part of the mass ma-
trix, that is to say the bilinear form mgq(-,) that is computed using the triangular
trapezoidal rule, that is exact for polynomials of degree 1. Therefore we make the
approximation

mu (@ ¥n) ~ man(en, ¥5) +mrn(en, ),

where mgq (-, ) holds for the approximation of mgq(-,-) via quadrature. This leads
to replace, in the algebraic semi-discrete scheme, the mass matrix My, by the ap-
proximate one

M), = M} + M},
where the "boundary part” of the original mass matrix is kept exact. The fact
that the matrix M% is diagonal results from the position of the quadrature points
that coincide with the Lagrange degrees of freedom. For P; finite elements, it
is known that the accuracy of the approximation is preserved [11] and that the
diagonal elements 1\7[[2 are nothing but the sum of the elements of the same line in

the original matrix MS}E (which are, by the way all strictly positive since P; shape
functions are positive)

(4.24) (M)ii = > (M3))ij,  (M})s; = 0 for j # .
J
thus, the resolution of the corresponding mixed explicit / implicit scheme

~ ntl_o gn n—1 ~ o~
(] + M) T 2R 4 ARG + AT (@]} + B E), = F,
(4.25)
BT ®) =0,
is implicit for the boundary degrees of freedom and explicit for the interior degrees
of freedom. Let us clarify this by setting

Z = ((I’;fhv g,h)t’

where @, is the vector of Lagrange degrees of freedom associated to the interior
nodes of the meshes and ®y, ;, vector of Lagrange degrees of freedom associated
to the corresponding boundary nodes. If we introduce the corresponding block
decompositions of M%, M;, and AE

- M2 0 ~ 0 0 0 0
MQ — ii,h . , AF — , MF _ - ,
" < 0 Mgbﬁ) (O AEb,h) "0 My,
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the inspection of the scheme shows that the updating of (®}, E},) from the previous
time steps (hidden below in the terms r.h.s) is obtained by inverting the following
system (we consider the explicit-implicit scheme introduced in Section 3.3.2)

Mg, ®1" =rhs, (1)

2 ..

(4.26) (Mbb nT Mbb nt 2F Agb,h)q)g-zl =r.h.s, (i)
~ r —1=p ~ntl
B, (Mbb nt Mbb A + 4 4 Abb h) B, E, =r.h.s,. (#it)

Thus (4.26)(i) shows that @;Zl is computed explicitly while E:—H (resp. <I>"+1)
is computed via the resolution of a small - since reduced to boundary degrees
of freedom - and dense linear systems (4.26)(ii). This explains the denomination
explicit / implicit.

Finally, it is worthwhile mentioning that mass lumping not only simplifies the
numerical computations but also improves the CFL condition. This seems to be
rather specific to P; finite elements and relies on the following lemma (that we
suspect to be known but did not find in the literature):

Lemma 4.16. In the sense of symmetric matrices (i.e. of the corresponding qua-
dratic forms), one has the inequality

(4.27) M > M.

Proof. Let us introduce D) = 1\7[[2 - Mg} Proving (4.27) amounts to proving
that the eigenvalues of Dy, are positive. For this, we can use the Gershgorin circle
theorem, that, for real symmetric matrices, says that the spectrum o (D}, ) is included
in a finite union of intervals:

aDy) c | [ (Dn)ii = > [@n)is] » r)ii + > |(Dn)ij] }
i J#i J#i
Thus, to conclude, it suffices to show that the lower extrema of the above intervals
is positive. In fact, each of them is 0 since, thanks to (4.24),

(D) = Y (M),
J#i
while, since 1\7[[22 is diagonal and all the entries of MQ are positive,
2 ®n)isl = 2| | = (05
J#i J#i J#i
u

Corollary 4.17. The stability condition for the mass lumped explicit/implicit scheme
(4.25) is less restrictive than the stability condition for the explicit/implicit scheme
(3.62) without mass lumping. In other words, if the scheme (3.62) is stable, the
scheme (4.25) is stable too.

Proof. The stability condition (3.66) for the scheme (3.62) means that

At?
M, — Ve A is a positive matrix.
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-~ AP
Thus, by Lemma 4.16, M, — e A% is positive too, thus the stability of (4.25). m

5. NUMERICAL RESULTS

In this section we present illustrative numerical results to exhibit the good be-
haviour of the method. The examples we provide correspond to the propagation
of transient waves in an isotropic homogeneous domain which is bounded by a free
boundary.

5.1. Preparatory definitions.

The model problem. We are interested in finding w(x,t) solution of the following
elastodynamic problem (which is completed with vanishing initial data)

5.1) pd?u — (A+2p)Vdivu + pcurlecurlu = f in Qx[0,7],
. olun = 0 on T x]I[0,7T],

where we choose the final time to be T = 5 and the computational domain 2 =
[—5, 5] x [—5, 5] which centre of gravity is at the origin. We also consider the physical
properties given by

p=1, A=56 and pu=4
and the medium to be excited by the following source (see Figure 3)
(5.2) f(x,t) =g(t)h(x) where g(t) =drexp(—50(t—1)?) and h € L%(Q).

We present three experiments depending on the value of h.

First Ezperiment. We consider a source that generates only pressures waves up to
the interaction with the boundary. In this case, h it is chosen as the gradient of a
smooth compactly supported function centered at xy = 0.

1
h(xz) = Vs(x) where s(x)=exp (1 + |2;c|T1)’ if |z|<0.5,

and zero elsewhere. We shall remark that h € L%(Q) since s is compactly supported
and

/Vs-wRd:c = —/s div(wgr)dx = 0, Ywpg < R(D).
Q Q

Second Ezxperiment. In a second case we consider a source that only generates shear
waves up to the interaction with the boundary.

h(x) = curl(zs s(x)).
We remark that h € L%(f) since,

/ curl(zy s) - wrdx = / 298 curl(wg)de =0 Ywgr € R(Q),
Q Q

because curl(wg) is constant and x5 s(x) has zero average in Q.
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Third Experiment. The source we consider is localized near the boundary and gen-
erates both shear and pressure waves.

h(x) = (0as(x — o), O15(x — o))" where x5 = (3.5,0)".

Notice that in consequence, h € L%(Q) since

825 o wRJ
/Q (815> -wrdx = /chrls~ <_wR,2> dx

= /scurl( wR’1> de = 0, Ywg € R(Q).
Q

—WR,2

s(x) s(x — xp) "
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

FIGURE 3. Left: time dependence of the source. Right: space
dependence of the source.

Space discretisation of the potential formulation. According to the technique pre-
sented in this article, the finite elements spaces Vpp, Vs, P, and M), must be
adequately chosen. In Section 4 we have detailed a particular choice in order to
automatically guarantee the good properties of the method. Therefore, we consider
the first order Lagrange finite elements spaces defined in (4.1) and (4.4) where
the triangulations involved (7753 , 7;;95 and Tp,) will satisfy assumptions 4.4 and 4.5.
Moreover, we shall also notice that Vp/Vs = 4, thus for computational reasons we
would like to consider hp ~ 4hg. In consequence, we first introduce the triangula-
tion 7, given in Figure 4 (Left) which satisfies Assumption 4.4. Then, on the one
hand we choose 775; = Ty, while on the other hand we choose ’7;;0’8 given by the
second refinement of 7, (see Figure 4 Right) in order to verify Assumption 4.5 and
the property hp ~ 4hg.

Time discretisation. We approximate the solution of problem (5.1) by considering
the mixed explicit-implicit scheme (3.62). The maximum time step allowed At*
is computed as in Remark 3.20 and then the time step At for the simulations is
chosen as the maximum time step such that At < At* and 0.01/At is an integer.

Computation of a reference displacement solution. To obtain a reference solution
we compute the velocity (i.e. v = dyu) using a classical method. More precisely,
we compute vy, a numerically approximation of v = d;u, by solving a discretized
version of the problem

(5:3) { pOiv — A+2u)Vdive + peurlcurlv = 9f in Qx[0,7],

5.3

oglvn = 0 on I'x[0,T].
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FIGURE 4. On the left we observe the triangulation 7;, (which is
equal to 775; ). On the right we plot how each element is divided
in order to compute 77{95 as the second refinement of 7.

In particular we consider first order Lagrange finite elements in space (considering
the mesh ESS ) and finite differences in time, more precisely, a leap-frog scheme with
the largest possible times step A7 such that the scheme is stable and 0.01/A7 is
an integer.

Procedure of comparison: Potential / Displacement. In order to validate the results
we take into account the relation

: h(z) [*
Ou=Vep+curlps+g with g(a,t) = Y g(s) ds,
0

and we compare with respect to a solution obtained by a classical method in dis-
placement. The method presented provides a numerical approximation of the po-
tentials ¢ p and ¢g, thus in order to compare the obtained solution with the solution
generated with the displacement formulation (5.3) we shall also introduce the or-
thogonal projection Ilg; from LZ(Q) into Vg x Vg, that for every ¢ € LZ(Q)
assigns Ig 5, (¢) satisfying

/(HS,h(@ —@) ¥, =0 YU, € Vsy x Vs
Q

In consequence, in the following, in order to validate the numerical results obtained
with the potentials approach, we shall represent

vy, compared with respect to v;, = IIg,(Vepys) + g p(curlpg ) + s x(g).

5.2. First experiment. Since the source is given by a gradient, we observe in
Figures 5 and 6 that the source only generates P-waves that propagate in the
interior of the domain. Then, when the P-waves reach the boundary, S-waves are
generated and propagate in the interior of the domain. It is interesting to observe
how both type of waves are continuously interacting along the boundary. Finally, in
Figures 7 and 8 we validate qualitatively the results obtained when using potentials
formulation by comparing with respect to the solution obtained with a classical
formulation.

5.3. Second experiment. Contrary to the previous example, now the source is
given by a rotational and therefore, as we observe in Figures 9 and 10, only S-
waves are generated by the source. Similarly to the previous case, we now observe
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|Ts,m(Vepn)(1.4)] Mg n(Vep,n)(1.85)] [T, n(V ep,p)(2.5)]

FIGURE 5. Snapshots of the reconstructed P-waves (first experiment).

|HS,h(v ©p,n)(3.5)]

[TIg n(curleg p)(1.4)| [ p(curlps n)(1.85)] |Mg,(curlpg p)(2.5) |Hg p(curles p)(3.5)] i

FIGURE 6. Snapshots of the reconstructed S-waves (first experiment).

|5, (1.4)] [Ty, (1.85)] |B5(2.5)] [95,(3.5)|

FIGURE 8. Snapshots of the velocity field (first experiment).

that S-waves propagate in the interior of the domain and only when they reach the
boundary we observe that P-waves are generated. In order to validate qualitatively
the results, we compare in Figures 11 and 12 the results obtained when using
potentials with respect to the solution obtained with a classical method.

5.4. Third experiment. In this case, both types of waves are generated by the
source as we can see in Figures 13 and 14. Then we observe again that both types of
waves propagate independently in the interior of the domain while on the boundary
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[T, 1 (Y op,n)(3)] [TIs, 1 (V op,n)(3.5)] Mg, n(Vepn)4)] |5, (V ep,n)(5)]

0.07
008
005
0.04
003
0.02
0.01
0

FIGURE 9. Snapshots of the reconstructed P-waves (second experiment).

s n(curles 1)(3)|  |s pleurles p)(3.5)]  |Ig p(curleg p)(4)] [TIs,n(curleg ) (5)|

.@VV\‘U
N\ A

FIGURE 10. Snapshots of the reconstructed S-waves (second experiment).

4 Vi

[on(3)] vy (3. [ (4)] [on(5)]
' -

- 005

FIGURE 11. Snapshots of the reconstructed velocity field (second experiment).

[vn (4)] )

[vn(3)] [vp(3.5)] [vn (5)]

FIGURE 12. Snapshots of the velocity field (second experiment).

the interaction of both waves is stronger than in the previous cases. In consequence,
the well known Rayleigh waves are observed (specially) in Figure 13. Finally, as in
the previous case, we compare in Figures 15 and 16 the reconstructed velocity field
obtained using potentials formulation with respect to the solution obtained with a
classical formulation.
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[TIs,1(V op,n)(1.5)] [Ts, 1 (V op,n)(2.5)] |5, 1 (V op,n)(3.5)] s, 1 (V op,n)(4.5)]
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014
012
01
0.08
0.08
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FIGURE 13. Snapshots of the reconstructed P-waves (third experiment).

[ n(curleg n)(1.5)| |Hg p(curlegs p)(2.5)| |Hs p(curles ) (3. 5)\ |5, n(curlpgs 1) (4.5)] H”

i /p\‘
A\‘/t

FIGURE 14. Snapshots of the reconstructed S-waves (third experiment).

|55, (1.5)| |55, (2.5)| [Ty, (3. 5)| \uh(4 5)| e
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. 004

= 0.02

0

FIGURE 15. Snapshots of the reconstructed velocity field (third experiment).

|[vp, (1.5)] |vp, (2.5)] |[vp, (3.5)] \uh(4 5)| -

FIGURE 16. Snapshots of the velocity field (third experiment).

6. CONCLUSIONS AND PERSPECTIVES

In this work we recapped and completed the method presented in [4] for solv-
ing linear isotropic homogeneous elastodynamics with free boundary conditions by
means of scalar potentials resulting from a Helmholtz decomposition of the displace-
ment field. We presented in detail a space-time discretization of the formulation
which allows to use different meshes for the discretization of P and S waves. We
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proved that, under some reasonable compatibility assumptions on the discretiza-
tion spaces, the fully discrete scheme is well-posed and stable under the usual
CFL-stability conditions for the scalar wave equations (the time step not being
penalized by the coupling at the boundary). Numerical experiments confirm the
good properties of the method.

As future work, first, we would like to address the full convergence analysis of
the method (that is still an open question) and to address the question of efficiency
of the overall method. Secondly, we would like to extend the method for the
transmission problem between two homogeneous isotropic media. Finally, notice
that the extension to the 3D case is not trivial since the potential corresponding
to the shear waves is vector-valued and a gauge condition should be taken into
account.
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7. APPENDIX: PROOF OF THE WELL-POSEDNESS OF THEOREM 2.12

Existence. We start by introducing the regularized e-dependent problem

Find ¢, : [0,T] — Vy C L*(Q) s.t

2
(1) e mlp0). %) + alp, (0, 9) = (t.9), Y9 € Vi,
@ (t=0)=0, O (t=0)=0,
where
(7.2) me(p, ) = m(p, ) + ealp, ),
and

Lt ) = f/Qg - (divp, 7CUI‘11/J) dz where g(t / f(s

with f € L'(0,T; L%(Q)). Since the mapping ¢ +— /mc(g, ) is a norm in Vi
equivalent to the norm in V and f belongs to L'(0, T; L*(2)), we deduce that there
exists a unique solution of the regularized problem

P € CQ([()?TL VN)

Next we obtain estimates for .. Plugging ¢ = 9y, € Vi in (7.1) leads, after
time integration, to

m(atgoe(t)v at¢e(t)) +e a(atwe(t)? 8t(loe(t)) + a(goe(t)’ (Pe(t)))

.y /O 05, 0up.(5)) ds,

where we have used the vanishing initial conditions. Next we rewrite the contribu-
tion of the right hand side as follows,

/Ote(s,ﬁtcpe(s))ds = // (div (Brep. (5)), —curl (Bp,(s))) da ds

(7.3)

/ / —f(s d1v cpe( )),fcurl ((pe(s)))tda: ds

- / g(t) - (div (i2,(1)), —eurl (i,(1))) ' da,

to obtain the following bounds

‘/ s, Opp (s ds‘ < / / ‘f (div (¢.(s)), —curl (¢.(s) ‘dmds

/ / ’f (div (pe(t)), —curl (@ (t) ‘dxds
Q
< — sup \/ﬁ”f“ﬂ(mﬂ Q) -

P s€(0,T)

Applying Young’s inequality we obtain, using the norm inequalities (2.65), that

sup_([10sp (1)[172 () + € (Do (1), eep (1)) + ale (1), @ (1))
(7.4) Ost<T
< ClFINL 0 7.2 (0
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where C is a positive scalar independent of e. We conclude that the sequence 0y,
is bounded in L?(0,T;L*()). Therefore the same holds true for ¢, and as a
consequence ¢, is also bounded in L?(0,T; V). Since Vi is a closed subspace of
V', we can extract a subsequence (that will still be denoted by ¢.) such that

p. = peLl’0,T;Vn), ¢. — ¢elL*0,T;L*(Q)),
(7.5)
drp. — dp € L*(0,T; L*(Q)),

where the convergence holds in the weak topology. Furthermore, it can be easily
proven that 0;¢p = de where the time derivative is considered in the distributional
sense. Finally we will prove that

3 mp(t), ¥) + alp(t), y) = £(t, ), Ve Vn,

where the time derivative are, once again, considered in the distributional sense.
Let © € D(—00,T), we have from (7.1)

T

/ (ml.(t), ) +ealp. (t), ) O (t)dt+ / a(ip.(1).9) (1)t = / (t, ) (1) dt.
0 0 0

The above-mentioned weak convergence, together with (7.4), allows to easily pass
to the limit in each term and prove that

| mie®. w6 0+ [ atel. 600 = [ (£0).9)10 O
0 0 0

This concludes the existence proof.

Uniqueness. Let us first prove uniqueness in
(7.6) C%([0,T); L*(2)) N C* ([0, T]; Viv).
Assume that ¢ and ¢, are solution of (2.64) both belonging to this space. Then,

@ = ¢, — P, satisfies (2.64) with vanishing data. Plugging @ = J¢p into the
variational formulation

1

d 1
0 = m(Qup, 0vp) + ale(t),0up) = 45 {Qm(amf?tw) + QG(WP)}-

Integrating in time we get
m(Oup(t), Orp(t)) + alep(t), o(t)) = 0.

We have thus 9;¢(t) = 0 hence p(t) = ¢(0) = 0, leading to the uniqueness. Let
us finally assume that we have two solutions ¢,, i € {1,2} such that

@, € L?(0,T;Vy), and 9y, € L*(0,T; L*(Q)).
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Then @ defined as the second anti-derivative of ¢ = ¢; — ¢, belongs to the space in
(7.6) and, by linearity, satisfies (2.64) with vanishing data. In consequence, ® = 0
which leads to ¢, = 5.
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