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Abstract: We introduce a high order interior penalty discontinuous Galerkin scheme for the nu-
merical solution of wave propagation in coupled elasto-acoustic media. A displacement formulation
is used, which allows for the solution of the acoustic and elastic wave equations within the same
framework. Weakly imposing the correct transmission condition is achieved by the derivation of
adapted numerical fluxes. This generalization does not weaken the discontinuous Galerkin method,
thus hp-non-conforming meshes are supported. Interior penalty discontinuous Galerkin methods
were originally developed for scalar equations. Therefore, we propose an optimized formulation for
vectorial equations more suited than the straightforward standard transposition. We prove consis-
tency and stability of the proposed schemes. To study the numerical accuracy and convergence, we
achieve a classic plane wave analysis. Finally, we show the relevance of our method on numerical
experiments.
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Schéma Galerkin Discontinu avec pénalisation intérieure
pour des milieux couplés élastique-acoustique

Résumé : Nous introduisons un shéma de type Galerkin discontinu d’ordre élevé avec pé-
nalisation intérieure pour la simulation d’ondes se propagant dans des mileux couplés elastique-
acoustique. Une formuation en déplacement est utilisée, qui permet de traiter dans un méme
cadre les équations acoustiques et élastiques. La condition de transmission entre les deux mileux
est imposée de fagon faible en dérivant un terme de flux adapté. Cette généralisation n’affaiblit
pas Iapproche Galerkin discontinue; en particulier, la formulation supporte des maillages hp non
conformes. Les méthodes de Galerkin discontinu avec pénalisation intérieure ont été originelle-
ment développées pour des équations scalaires. Nous proposons dans ce travail une formulation
optimisée pour des équations vectorielles mieux adaptées qu’une re-écriture immeédiate du cas
scalaire en vectoriel. Nous montrons que le schéma proposé est stable et consistant et étudions
sa précision et sa convergence via une analyse classique par ondes planes. Enfin, nous illus-
trons la pertinence de notre méthode au travers de quelques exemples numériques de cas tests
synthétiques élastique-acoustique couplés.

Mots-clés :  Galerkin discontinu, pénalisation intérieure, elasto-acoustique
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1 Introduction

We introduce a discontinuous Galerkin method optimized for wave propagation in elasto-acoustic
media. The formulation of this method was first motivated by the simulation of hydro-fractures
in geophysics. Nonetheless, our approach to elasto-acoustic media could be applied to other
fields, e.g., ultra-sounds waves in biological tissues [I], or vibrations of solid structures immersed
in surrounding fluids [4]. The standard approach to model hydro-fractures is to use equivalent
models. However, these equivalent models are based on asymptotic models and hide some phe-
nomena, e.g, wave scattering. Thus, a rigorous modeling is mandatory. Our approach is relevant
for media with a large number of small scale elasto-acoustic areas. For large elasto-acoustic
coupling, e.g., earth ocean, different approaches would be better suited.

Geophysics requires accurate, efficient and scalable parallel numerical methods. The accuracy
challenge comes from the high distance (in terms of wavelength) waves have to travel. In order to
control dispersion and dissipation errors, high order methods need to be used. Due to the large
number of degrees of freedom the methods have to be computationally efficient. Computational
efficiency also requires scalable parallelization. However, coupling different methods result in a
much more challenging scalable parallelization. Therefore, this challenge has led us to consider
methods that handle elasto-acoustic media in an unified framework. When one wants to model
small details of the media, such as hydro-fractures Ap-non-conforming meshes become a highly
desirable feature. Most numerical methods can deal with some of the previous challenges, however
few methods can comply with all the constraints associated with all these challenges.

A large number of numerical methods for acoustic and elastic wave propagation exists. Even
though finite differences [28] 24, 18] are widely used in the geophysics community, each of the
above challenges is an active area of research, especially dealing with elasto-acoustic interfaces [17]
and with Ap-non-conforming meshes. The finite volume methods [12] 13}, 16] suffer from their
lack to support at the same time elasto-acoustic media and high order [I1l 25] . The finite
element methods [29, [2] and spectral element methods [I5] [8, 20] also suffers from a lack of a
natural way to deal with elasto-acoustic interfaces. However, there exists methods that deal
with elasto-acoustic interfaces [14], B] but their computational cost lead to a challenging scalable
parallelization.

In contrast discontinuous Galerkin methods [21], [10] deal with most of these challenges in a
natural manner. Discontinuous Galerkin methods are often discarded due to their relative high
computational cost on simple physics media. However, their ability to deal in a natural manner
with most of these challenges make them very attractive. The only challenge that does not come
naturally with discontinuous Galerkin methods is the ability to handle elasto-acoustic interfaces.
In this work, we propose a discontinuous Galerkin method that handles elasto-acoustic interfaces
without any additional cost for the second order wave equation. Avoiding the computational het-
erogeneities coming when coupling methods, we keep the DG methods computation homogeneity
unchanging the efficient parallelization of DG methods. Contrary to [27] where the formulation
is based on stress-velocity formulation, our approach is based on the displacement formulation,
saving a lot of degrees of freedom.

The paper is organized as follows. In Section 2, we introduce our interior penalty discon-
tinuous Galerkin method for elasto-acoustic problems. In Section 3, we propose an optimized
formulation of the IPDG for vectorial problems. In Section 4, we show the relevance of our
approach for hydro-fractures on numerical results. Finally, we conclude in Section 5.
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4 Dudousit et al.

2 IPDG optimized for hydro-fractures

2.1 Model problem

Let © be a polygonal domain of R%, d = 1,2 or 3 such that Q = Q. U Q, with Q. N, and
00, N O = 0 (see Fig. . The domains 2. and €2, are the elastic and the acoustic media,
respectively. The boundary 0 are grouped into two disjoints sets I'p and I'y. Moreover, we
define the elasto-acoustic interface I' := 99, N 9€),. Finally, we denote by n the unit outward
normal to 2 or €, .

Figure 1: Domain €.

We consider the following elasto-acoustic transmission problem:
Find u: Q x [0,7] — R? such that

2

png; —div(o(u)) =f, in Q,

u=_0, onI'p,

o(u) - n=0, on 'y, (2.1)
u(x,0) = up(x), Vx € (,

ou

5 (x,0) = vo(x), ¥x € (,

where o(+) is the Cauchy stress tensor associated with the elastic media, u(x,t) is the displace-
ment field, p is the mass density, f € L*(€2) and ug, vy are the initial conditions.

In this paper, we consider an isotropic elastic materials, i.e., the Cauchy stress tensor can be
written as:

o(u) := 2ue(u) + Atr(e(u))l, (2.2)

where e(u) = %(Vu—&—VuT) is the strain tensor, A and p are the Lamé parameters, I the identity
matrix and ¢r(.) the trace function.
We can write ([2.1)) in an equivalent form such that all the different physics appear:

Inria
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Find u: Q x [0,7] — R? such that

0’u . .
PoE div(o(u)) =f, in Q,
0%u . .
PoE ~ V(Adivu) =f, in Qg,
U, -n—ugq, -n=_0, on I,
+ Adi =0, T,
o(ujg, )n iv(uq,) on (2.3)
u = 0, on FD)
o(u) -n=0, on I'y,
u(x,0) = up(x), Vx € Q,
Z—?(x, 0) = vo(x), Vx € Q.

The main difficulty when one attempts to have an unified method for elasticity and acoustic is
that the two equations do not impose the same continuity on the displacement and its derivatives.
The classical weak formulation associated with the model is defined by:

Findue V:={veL*Q) : vjq, € H(Q), vjq, € H(div, Q,), [v-n]r =0 and vp, = 0}
such that Vv € V,

/ az—u vdx-l—/
T o

Setting ;¢ = 0 would impose too much continuities with standard numerical methods, e.g.,
finite element methods or finite difference methods. Furthermore, even for standard DG methods
where all continuities are implicit, continuities which have no place in the case of an elasto-
acoustic interface are imposed. However, we will show how a modification of the IPDG method
for elastodynamic enable to handle such configurations.

o(u) : Vvdx+/

Adivudivv dx = / f-vdx. (2.4)
Qa

Q

e

2.2 IPDG for elasto-acoustic problems

In this part, we propose a discontinuous Galerkin approximation which treats in an unified
framework the elastodynamic, the acoustic and thus the hydro-fracture problem. First, we recall
the standard IPDG approximation of the pure elastic operator and we next explain how to modify
it on order to take into account the elasto-acoustic medium.

2.2.1 TIPDG for elastic problems

We will introduce now the formal construction of several standard discontinuous Galerkin for-
mulations called interior penalty discontinuous Galerkin. We refer to [21I] for a deeper insight
into these methods.

Let Q be subdivided into elements, we denote this partition by 7,. We denote by Fj the set
of all faces. A face shared by two elements is called an interior face, we denote by JF; }{ the set of
all interior faces. Likewise, a boundary face of K € Ty, is 9K N 9, we denote by F2 the set of
all boundary faces. We also denote by Fx the set of faces of an element K.

RR n° 8986



6 Dudousit et al.

For any piecewise smooth function v, we define the following trace operators. Let F € F¥ be
an interior face shared by two neighboring elements K; and K5. We assume that the normal
vector ny to the face I is oriented from K to Ko, we define the average and jump of v on F by

{{V}} (V‘Kl +V|K2) [[VH = V‘Kl - V|K23

respectively.
Let F € FBNT'p, we define {v} := v and [v] := v.
Let F € FP NIy, we define {o(v)n} := 0 and [o(v)n] := 0.

‘We now explain the formal construction of our DG approximation of the second order operator
—div(o(u)). Let v be a sufficiently regular test function. As Q = U K, by using the Green

KeTh
formulae, we have
/dw( -vdr = Z / div(o -vdx
Q
et (2.5)
= > (/ a(u).deH/ (J(u)n)-vds).
KeT, K oK

Let F = 0Kt NOK~, where Kt and K~ denotes two neighboring elements, thus, we have

3 / vds= Y / ) v+ (o(u)n7) v ds. (2.6)

KeTy FeFy

Using the relation ab+ cd = 1(a+ ¢)(b+d) + (a — ¢)(b — d), we have

[ (o) vt 4 o n) v ds = [ o

+

nt +o(u)nT)- (v +v7)

1\3\»—\
—
o
\]
SN—

%( (uf)n™ —o(u )n7) - (vh —v7)ds.

For the pure elastic problem, the displacement u has a H'-regularity with div(c(u)) € L*(Q).
This implies that the following continuities through interior faces: [u] = 0 and [o(u)n] = 0.

Injecting these relations in (2.7)) yields:
For all test functions, we have

cut)n®) vt cu )n )-v ds= lou+n+—au*n*~v+—v* S
[ ety v o) v ds = [ Se(wtnt —awn) - (vF —v)d

= [Aotwny- s

The equation (2.8) leads to the DG discretization of the elastic operator.
Let uy, vy, be the discrete solution and discrete test function respectively, then we have

n(up, vp) Z / o(up) - Vvy de — Z /{{0 up)n} - [v]n ds. (2.9)

KeTy, FeFy

(2.8)

Unfortunately, it is well-known [21] that this approximation is not inf-sup stable because of
the unsigned boundary term [, {o(un)n} - [v] ds. A sufficient condition to have the inf-sup

Inria



Discontinuous Galerkin method for coupled elasto-acoustic media 7

condition is the coercivity of the bilinear form ay(.,.). Now, we add terms which are sound with
the problem. These terms are null for the continuous problem but they stabilize the discrete
formulation. The first term added to obtain the interior penalty discontinuous Galerkin (IPDG)
methods is called penalty term. This term appears natural when looking at the coercivity
proof (see [2I] or next subsection)

Z arlug] - [ve] ds, (2.10)

FeF, T

where ap > 0.
Another term is added to obtain the class of IPDG methods, which writes as

: Y /F [un] - fo(va)n} ds, (2.11)

FeFy,

where £ € {—1,0,1}. As we shall see this last term has a great impact on the properties of the
method, namely the stability and the convergence rate.
Finally, the IPDG approximation for pure elastic problems is

aj (up,v) = Z /K o(up) - Vv, dox — Z /F{{a(uh)n}} [vin] ds

KeTy, FeFy

+e Z / [un] - {o(vp)n} ds + Z arlug] - [ve] ds.

FeFp F FeFn F

(2.12)

2.2.2 TIPDG for acoustic problems

Now, we consider a pure acoustic problem in displacement. In this case, the operator to discretize
is divo(u) := V(Adiv(u)) and the displacement has only a H-div regularity with V(div(u)) € L.
This implies that the following continuities through each interior face: [u]y = 0 and [div(u)] = 0.
It immediately follows the following IPDG approximation:

aj(up,vp) = Z / div(uy) div(vy) doe — Z /{div(uh) -n} - [vi]n ds
Kem ot rent (2.13)

+ e Z /F[[uh]]N-{div(vh)'n}}der Z /Fap[[uh]]N~[[vh]]Nds.

FeFy FeFn

where we denote by the subscript N and 7' the normal and tangential component of a vector
relatively to a face.

2.2.3 IPDG for elasto-acoustic problems

Finally, we treat an elasto-acoustic interface (see Fig. [1)). Due to the change of the functional
nature between the two medium, we have the following transmission conditions:

(2.14)

ulo, ‘n=ulg, - n, on I,
o(ulg,)n = —Adiv(ulg,)n, on T

By decomposing (o(ulg, )n)x in the normal and the tangential component, we can rewrite these
conditions as follow

(ulo,)n = (ulo,)n, onT,
(o(ulq.)n)y = —Adiv(ul,,), onT, (2.15)
(o(ulg,)n)r =0, on I,

RR n° 8986



8 Dudousit et al.

where we denote by the subscript N and T the normal and tangential component of a vector
relatively to a face.
Starting from ([2.8)), we decompose the normal and tangential component, we get:

/F {o(wn} - [v] ds = /F fo(wn}y - [V]y ds + /F {o(wn}r-[Vrds.  (2.16)

Using that {o(u)n}r =0 on T (|2.15]), we get:

/F{{U(u)n]} -[v] ds = /F{{U(u)n}N - [v]w ds. (2.17)

Thus we get the bilinear form:

ai*(up, vy) = Z /Ka(uh) Vv, dx — Z /F{{a(uh) -0}y - [vi]wn ds. (2.18)

KeTy FeFy

Now we can add the symmetric term and the penalty term:

ai®(ap,vy) = Z / o(up) Vv, de — Z /{{a(uh) ‘n}n - [vi]wn ds
KeT, 7K FeF, ' F (2.19)

+e€ Z /Fﬂuh]]N'{O'(Vh)‘n}Nd8+ Z /Fapﬂuh]]N~[[vh]]Nds.

FeFy FeFy

Finally, we can express all these equations in one united formulation.This formulation simply
does not control tangential fluxes unless the interface is purely elastic:

ap(up, vp) = Z /Ko(uh)Vvh dx

K67-h
-> /{{J(uh)~n}}N~ﬂvh]]N ds— Y /@F{{a(uh).n}}T-[[vh]]T ds
FeF, ' F FeF, ' F
e Y /[[uh]]N-{{a(vh)-n}N ds+e S /@F[[uh]]T-{{o(vh)~n}T ds
FeFn r FeFy r
+ 3 [ arlunly il ds+ 3 [ rarlulr: il ds,
reFr, ¥ reFr, ¥
(2.20)
where
1 if Elastic-Elastic face,
®F:{ 0 otherwise. (2.21)
We define the local DG formulation ahK such that
an(u,v) = Y af (u,v). (2.22)

KeTy

Inria
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The bilinear function aX are given by

af (u,v) :/ o) : Vvdz
K

- % [Howmdyvwdr= Y [ etontwineve

FeF[K FeFys
1 1 (2.23)
+e 3 [lvyek v dy+e 3 [ orlulrg el mr )
rerk rerk
+ Z /OZFHII]]N~VNCI’)/+ Z /@Fozp[[u]]T~de*y.
rerr 't rers F

The general semi-discrete IPDG approximation of the model problem ({2.3)) is:

Find V¢t € [0,T],up(.,t) € V), such that
(Ostan, vi) + an(un, vi) = (f,vn), Vvi € Vi, ¥Vt € (0,77,
uh|t=0 = Hhuo, (224)
Orup =0 = Hpvo,

where II;, denotes the L2-projection onto V.

Let K € Ty, we denote by {¢X} a basis of V},(K). Let N = [{¢X}| be the number of degrees

of freedom on element K and N = Z Nk is the total number of degrees of freedom.
KeTh

The semi-discrete solution can be expanded in the global basis functions by

Nk
Vte[0,T], Ve €Q, w(t,x)= > Y US(t)¢f(x). (2.25)
KeTh =1
We note U := (U;)1<i<n. The semi-discrete IPDG formulation (2.24) is equivalent to the
second-order system of ordinary differential equations

d?U
M—+KU=F
ﬁ2+ ’

U(0) = U,, (2.26)

dU
E(O) = Vo,

where M = (M;;);; is the N x N mass matrix, and K = (K;;);; is the N x N stiffness matrix,
and they are defined by

Vi,j € [1,N] M;; = (¢5,0i)a, Kij = an(oj, di). (2.27)

2.3 Space-time discretization

After discretizing the equation in space with a discontinuous Galerkin method, we finish the
discretization of the problem using a finite difference method in time. This form is called the
fully discretized IPDG formulation. We note by U” the approximation of U(t,) using the well-
known finite difference second-order leap frog scheme for temporal derivatives. Hence, we get

Un+1 —2Uun + Un—l
M
At?

+ KU" = F". (2.28)

RR n° 8986



10 Dudousit et al.

Full discrete local DG approximation: In the same way, we can rewrite the full discrete
local DG approximation as

2u +u
VK € T KU A PR Y P =g,
FeFg
where
K K
tnaX = Zunzgpz ), and uy = (unvi)lﬁiSNK.

3 Optimized formulation

In this section, we want to introduce a new penalty and study its impact on the discontinuous
Galerkin approximation of the stationary elasticity operator. Initially designed for scalar differ-
ential equations, these methods are usually directly transposed to vectorial differential equations.
We found that this direct transposition comes with a weaken stability condition (the CFL con-
dition). The previous analysis for elasto-acoustic media paves the way for an optimized penalty
term suited for vectorial equations. The idea is to penalize differently normal and tangential parts
of displacement in order to avoid an over penalization. In a homogeneous isotropic medium we
can easily see that the normal part is associated with P-waves (that controls the divergence) and
the tangential part with the S-waves (that controls the rotational). But the penalization used in
the IPDG methods is usually only a function of the P-wave velocity vp, which is always superior
to the velocity of S-waves vg. Therefore, this causes an "over-penalization" of the tangential
part of the displacement. We propose to restore the dependence in vg for the control of S-waves.

First, we state the following lemma, which will help us to reveal the polynomial order depen-
dency in the coercivity constant, and thus the polynomial dependency of the penalty.

Lemma 1 (Inverse estimation [26]). We have the following inverse estimation:
Let K €T, and T C OK.

Vup € Vi, unl|z2ry < Cino(0)I[anl|z2(x

where p is the polynomial order of the space Vi, (K).
For quadrangle elements and if Vi,(K) = Qp(K) then Ciny(p) = (p+1) ,/ | ‘

For simplex elements and if Vi,(K) = P,(K) then Ciny(p pﬂ) +d) OK] here d is the

space dimension.

Our new discontinuous Galerkin approximation is:

aZewK(u,v):/ o (u) : Vv dz
K

/{O—h n}N vy dy — Z /@F{{O’h TLET v dy

FeFk FeFk
+e ¥ [ vz omnarre 3 [ orlulr Soomprdr
g FUN2 O'}L Y g FIA|\T= Uh Y
FeFk FeFk
Inria
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where

aF N ]-",{U]-'fj —- R

2
i 2
F '_> aF,N — 6]\] {Cln’l (p) (A + M)}7
hr
(3.2)
apr : FRrUF, — R
{Cinv(p)2ﬂ}}

F — QpT = o s
hr

with dn, d7 > 0 two real numbers, hr the measure of the face F and ]-'g = f;lf NIp.

We now verify that this formulation leads to a "good" approximation by studying the discrete
inf-sup stability of this one. Actually, the stability constant gives an important information about
the quality of the numerical solution. For that, we introduce the DG norm ||-||; by the following
relation

Ivall? == /Q on(vi) : Vavy dx + /

apN[ve]n[Vve]N dy + / ©raprlvi]rivi]r dvy,
FEUF?

FEIUF?
and we have the following theorem.

Theorem 1. Given Ceper €]0,1[. If e =0 or 1 and if we choose the penalty coefficients dn and
o1 as follows:
(1+¢)?

oVF € FE, O, Op > 8 = 05 = 2(1 = Coger )2’

oVF € FL, bx, b0 > 8l = 05 = (1(125)2)2 (3.3)
oVF € F,NTN, dn, 67 > o5 =67 :=0.
where N = 0K N Fy,. Thus, we have
VWi € Vo ap " (Vi Vi) = Ceoer || Va7 (3.4)
Moreover, if e = —1 then Yy, 67 > 0,
ay“ (v, vi) = [lvall}, Vv € Vi (3.5)

Proof. See Appendix [A] The proof uses standard coercivity proof steps with the particularity to
split the displacement into P-waves and S-waves components. O

Theorem [1|states that under the chosen penalty the bilinear form a)“" is coercive. There is
a close link between the coercivity constant C..e and the inf-sup constant 5. Indeed, we have
the relation:

arﬁew,s(u’“ Vh) ar]—iew,fs<uh7 uh)
Vup € Vi, sup >
vieVi  valln [[unlln

RR n° 8986



12 Dudousit et al.

Using the coercivity result we get

new,e

a Up, Vp
\v’uh c Vh7 sup M

Z Ocoe'r| |uh| |h-
VREVR ||VhHh

Taking the infimum we get

anew,a‘(uh, Vh)
inf sup 2—" 0> Clper.
w Vi vi,ev, [[unllnl[valln
Thus,
ﬁ Z CCOST"
new,e

Moreover, if Juy, € Vj, such that a,"*(up, up) = Ceoer|[upl[7 then 8 = Ceper.

This means that the larger the coercivity constant is, the more the method is stable in the
inf-sup sense and the closer the solution is to the optimal solution in V,, . However, the larger
the coercivity constant is, the more stringent is the stability condition (CFL condition).

3.1 Dispersion - Dissipation

The plane wave analysis [9], although based on simplified problems, i.e., infinite homogeneous
medium, provides accurate information about the properties of a numerical method. This in-
formation is precise enough to be used in real simulations. It helps to apprehend two majors
properties: dispersion and stability. The dispersion is a numerical phenomenon that creates a
phase difference between the physical wave and the numerical wave, i.e., the numerical velocity
only approximates the physical velocity. The dispersion is used to determine the spatial dis-
cretization according to the desired precision, i.e., the number of elements per wavelength that
must be used to achieve the desired accuracy. Stability is given by a CFL condition which is a

t
relation between the time step At and the space step h of the form — < C, where C is a con-

stant that depends on physical and numerical parameters (dimension, polynomial approximation
order, velocities).

The principle of a plane wave analysis is to seek the conditions, in the form of a discrete disper-
sion relation, for which a numerical plane wave is a solution of the scheme. Plane waves provide
an accurate analysis because they constitute a basis of solution to the infinite homogeneous
elastodynamic problem.

3.1.1 Dispersion relation formulation

In geoscience, having the correct propagation velocity is a major concern. Since direct propaga-
tions (the forward problem) are often used in the iterations of an inverse problem to know the
structure of the ground, errors in propagation velocities result in bad ground imaging. Therefore,
having a good control on the dispersion error is critical.

In order to get the dispersion relation, we begin with the local semi-discrete DG approximation
in which we inject plane waves. By doing so, we get simple relations between all degrees of
freedom. After some algebraic manipulations, we get a generalized eigenvalue problem that
reveals which modes our numerical method propagates. Since a plane wave is monotonic our
method should propagate only one mode, however the eigenvalue analysis reveals that more than
one mode is propagated. We formulate the dispersion relation in an arbitrary dimension since
the process is identical for any dimension.
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Kw K Kg

Kg

Figure 2: Neighboring elements of the element K.

The local DG approximation is

Moyu® + Ku + > Flu"r ) =, (3.6)
feEFK
where
Nk
ul (t,x) = ZuiK(t)golK(x), with uf = (uf()lgiSNK7
i=1
and

V(K
Mij = pr(pf, 08k, Ky = ak (0K, oK), Ff = alf (o)™, oK),

Since the solution of this problem is a plane wave, we seek the numerical solution in the form of

a discrete plane wave, then

K _ 4. —ilk-x—wpt)
u; = Aje ,

where k is the wavenumber, wj, the pulsation and A; the amplitude.
The plane wave assumption implies that

uVr () = gikexsy K (3.7)
where
xg = hey, xw = —he,, Xy =he,, Xxg=—he,, xr=—he, Xp=he,.
Injecting in yields the following generalized eigenvalue problem:

wiMu® + | K + Z ekxrpl 1k =o.
fE€EFK

A
We choose a space step such that h = N where A is the wavelength and N € N*. Let k = kd,
1
where d is a unit vector representing the direction of the wave. We introduce s := m,
p

RR n° 8986
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which corresponds to the inverse of points per wavelength, where p is the order of the polynomial
space.

We get the relation
kh =2m(p+ 1)s.

The eigenvalue problem becomes:

_h2w%MuK+ <K+ Z eikh(d.ef)ﬁf>uz( -0,
feEFK

where M := %M, K = h21_dK and F/ = hzl_de.

We rewrite this problem as a function of s:

2 . A
*(27T)2(p+ 1)2%2%]\411[{ + <K + Z 62(27r)(:DJr1)%(d-ef)Ff)uK —0.
fE€EFK

2
w
We note that k—g is an eigenvalue of the generalized eigenvalue problem:

2
Wi o~
where
1 ~ ) ~p
Ae — - (K + el(2ﬂ)(p+1)%(d-ef)pf> )
2 2,2
CHErESTl )

This eigenvalue problem posses 2(p + 1) eigenvalues. However their is only four physical modes
(two for P-waves and two for S-waves). Since the number of eigenvalues exceeds the number of
physical modes we need to identify which modes correspond to the P-waves and S-waves.

Wh
Vp = ?
We define the dispersion error as follow:
Uh Uh
ep=|—-1, e =|——-1/,
Up s

where vy, is the numerical velocity of the mode given by the eigenvalue, and v, and v, are the
expected velocities associated to P- and S-waves.

The dispersions e, and es depend on the parameters p the polynomial order of the approxi-
mating space, » the number of points per wavelength and d the direction of the waves.

3.1.2 Dispersion analysis

In this section, we apply a dispersion analysis to show the numerical properties of the dispersion.
We used v, = 2600m.s™!, vs = 1300m.s~' and p = 2300kg.m > and a penalty parameter
oy = 0p = 2.
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On Figure 7?7 and [3| we display the convergence of the maximal angular dispersion error
(max |e,| and max |e,|) according to the number of points per wavelength L for different poly-
u u

nomial spaces. We observe that the convergence rates of the dispersion errors are |e,| = O(h?¥)
and |es| = O(h?*), where k is the polynomial order of the space Qy.

Remark 1. For NIPDG and ITPDG methods the dispersion errors convergence rates are k + 1
for odd orders and k for even orders [23].

10 Grid dispersion of P-waves 10 Grid dispersion of S-wares
; T ' ; : — ;

aridd ciispersion logie )

107 : S R L R : 10° i SRR S L
10 10 10 10
Murmber of points per wavelength Murmber of points per wavelength

Figure 3: Dispersion error convergence for P-waves and S-waves for different polynomial basis

1
according to the number of points per wavelength —.
»

On Figure [4 we compare the dispersion error for Q3 elements with 10 points per wavelength
with standard and optimized penalty. As we can see the results are almost the same for the
P-waves dispersion and slightly better for the optimized penalty for the S-waves dispersion.

P-waves grid dispersion S-waves grid dispersion
90 0.0004 90 0.000%
. G0 120 :

120

Figure 4: Comparison of the dispersion error with standard (in blue) and optimized penalty (in
red) for Q3 elements with 10 points per wavelength.
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3.2 Stability condition: CFL
3.2.1 Stability condition formulation

We can use the previous analysis to derive the stability condition associated with our fully-
discrete scheme. For that, we have to introduce the time discretization in the definition of the
numerical plane wave. We thus have to inject the plane waves into the fully discretized DG
approximation. By doing so, we get a relation between At and h.

The fully discrete local DG approximation is

K K K
u —2u +u,_ K
M-t A; L4 Kuf + ) Flu,’ =0.

feEFK

Since the solution of this problem is a plane wave, we seek the numerical solution in the form of

a discrete plane wave, then
K _ g —i(kxE—w,nAt)
u, ; = Aje g .

Injecting this relation in the DG approximation yields
e—iwhAt — 24 eiwhAt

K ikxy pf | K —
M INE u,, + K—i—Ze FFV | u,, =0.
f€FK

We reformulate the temporal term with some trigonometric relations

eTwnAt _ 9 4 eiwnAt 9(cos(wp At) — 1) 4Sin2(—“””2m)
At2? B At? N At? ’

Hence, we get the following generalized eigenvalue problem

4h2 sin? (LnAty | N . .
AT D s (YD e |l o, (3.8)
feFk

4h? sin2(—“h2m)

where M = h—ldM, K = hQEdK and F/ = hQEde. We note that A = e is an
2 . 2, ,wp At
eigenvalue of our generalized eigenvalue problem. In order to have stability %}fﬂ) has to
be below all eigenvalues, yielding the following stability relation
At 2
— mi min ———, (3.9)

h _1§j§IJ{fKogeg2n Aj(0)

where {A;}1<;j<n, are the eigenvalues of (3.8 according to the angle of incidence 6. We recall
that N is the number of degrees of freedom per element.

3.2.2 CFL conditions

The CFL stability condition is a relation of the form

At
,Up? < Ccfl(k), (3.10)
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where C.s;(k) is the CFL constant depending on the polynomial order k of the polynomial spaces

Q-
From the relation (3.9) we immediately get the value of the CFL constant:

1 2
Cei(k) = — min  min .
Up 1<5<Nk 0<0<27 \/A;(6)

3.2.3 Comparing optimized and standard penalties

In this part, we compare the impact on the CFL condition of the optimized penalty introduced
previously with the standard penalty. We note on Table [I] that the optimized penalty grants a
gain for any polynomial degree of 33% in the CFL condition. These CFL constants have been
calculated with the same velocities and penalty as the dispersion.

Space Standard Optimized Gain
N 0.150 0.199 33%
Q2 0.0953 0.121 27%
Qs 0.0420 0.0561 34%
Q4 0.0319 0.0417 31%
Qs 0.0194 0.0259 34%
Qs 0.0158 0.0207 31%
Q7 0.0111 0.0148 33%
Qs 0.00941 0.0123 31%
Qo 0.00724 0.00962 33%
Q10 0.00622 0.00821 32%

Table 1: CFL conditions for different polynomial spaces @ for Gauss-Legendre basis functions
with optimized and standard penalties.

4 Numerical results

In this part, we propose to show the relevance of our approach on two analytical comparisons
and one illustrative example.

To achieve all our numerical experiments we bound the computational domain with second
order PML [7] and we use a local time stepping method introduced by Diaz and Grote [6]. Spatial
refinements are achieved through non-conforming nested Cartesian grids.

4.1 Two-layered medium

In this experiment we want to show the ability of the discontinuous Galerkin method without
refinement to treat an heterogeneous case compared to the exact solution. In order to do so,
we simply compare our solution to the analytical solution on a two-layered medium given by J.
Diaz’s code Gar6more [5].

We propose a simple test case made of a two layered medium. The top layer has the following
characteristics: A = 1.9 x 10'°, u = 5.5 x 10%, p = 3200 kg.m ™3, vp = 3061 m.s~' and v, =
1311 m.s~' and the bottom layer has the following characteristics: A = 7.7612 x 10'°, u =
5.994 x 109, p = 1850 kg.m ™3, v, = 4000 m.s~* and vs = 1800 m.s~*. We positioned a pressure
regularized Ricker source of central frequency 20H z in the center of the medium, 50m above the
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A=1.9x10%
i =>5.5x10°
p = 3200 kg.m™3
vp = 3061 m.s™!

vs = 1311 m.s~ 1
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A =T7.7612 x 101°
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vp = 4000 m.s
e bbbttt i bl it d vs = 1800 m.s~!
24 m 500m 24 m

Figure 5: Two layered medium characteristics.

the two layers interface. We positioned a line of 100 receivers 150m above the interface from the
abscissa —200m up to 200m.

The two different simulations displayed on Figure [6] and Figure [7] which are the analytical
solution obtained from Gar6more and our solution made of Q7 elements, these elements are of
size 25m. In order to compare these two simulations, we compare the line of seismograms for
the displacement X and Y. We note that we obtained similar solutions with both methods, i.e.,
arrival times and amplitudes are the same.

Analytical x-displacement Analytical y-displacement

0sr 05
04r 04F
035 035k

03r 03f
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DY Gl

S i
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=

=
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=
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_l,—',f
Y=
—_—
=
—_—
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Figure 6: Analytical solution.
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CJ7-DG »-displacement GT-DG y-displacement

Zoasr 2 X Zoasr

- T

1)
50 100 150 zoo 250 -250  -z0D -150 -100  -50 1} 50 100 150 zo0 250
Offzet (m

Figure 7: Discontinuous Galerkin solution.

4.2 Scattering by a hydro-fracture

The model geometry used to generate the seismograms is shown in Figure [§| The source, the
receivers and hydro-fracture are located in an elastic medium (v, = 3500m.s™*, vy = 2023m.s~!
and p = 2300kg.m~3). We used a pressure regularized Ricker source of central frequency 100H z
located at the origin. The seismograms are realized with 80 receivers disposed between —200m
and 200m. The center line of the fracture lies between (100m,—100m) and (100m,100m, and
is 1m wide. The hydro-fracture is modelled as a single crack represented by a relatively thin
rectangle filled with water (v, = 1500m.s~! and p = 1020kg.m~3).

We used @5 elements, with a space step of 4m. The refined area is spatially refined by a
factor p;, = 4 with @5 elements, and temporally refined by a factor p, = 4. We added 24m of
PML around our domain.

We display on Figure [11] the seismograms we obtained, they can be compared with the ray-
theoretical traveltimes on Figure [J] or they can also be compared to the seismograms displayed
on Figure [10| obtained by indirect boundary element method [22]. Since the source is a pressure
source, we expect only one P-wave incoming on the fracture. This P-wave is then transmitted
inside the fracture into another P-wave, since there is no S-wave in acoustic media. Finally
this P-wave is transmitted into a P-wave and an S-wave, this corresponds to the PPP- and
PPS-waves front we have on Figure[0] There should also be some multiples due to the multiple
reflections inside the hydro-fracture, however they must be of small amplitude since the angle
of incidence is almost normal on the whole fracture. The tips of the fractures also generate
some waves, called diffracted waves. Both P- and S-waves are diffracted from the incoming
P-wave, this corresponds to PP;- and PSg-waves on Figure [)] We shall have the PP P-wave
arriving first at the receivers, then the two PP;-waves, then PPS-wave and finally the two P.Sy-
waves. Both Figure @] and Figure were extracted from [I9]. We note that the seismograms
(Figure obtained with our method are similar to those obtained with the indirect boundary
element method (Figure and that we obtain all the reflected and diffracted waves predicted by
ray-theory (Figure [0). These results validate our local elasto-acoustic approach since boundary
element methods and ray-theory give robust reference solutions.
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1 receivers /\ E
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Figure 8: Medium with large hydro-fracture characteristics.
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Figure 9: Ray-theoretical traveltimes extracted from [19].

4.3 Diffracting points

In this second illustrative experiment we want to show how tiny diffracting points filled with
water can have a great impact on the simulation. However, the density of diffracting points
(around 20%) is superior to what would be relevant for realistic simulations, this was intended
in order to have visual snapshots.

We take the same homogeneous medium as in the previous test case with the characteristics:
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Figure 10: Reference seismograms extracted from [19].
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Figure 11: Seismograms.

A = 1.7612 x 1019, 4 = 5.994 x 10°, p = 1850 kg.m ™3, v, = 4000 m.s~! and vs = 1800 m.s~ .
We randomly inserted the diffracted points in a spatially refined area of dimension 40m x 200m,
these points are squares of size 1m with water inside. We used a pressure regularized Ricker of
central frequency 40H z positioned in (50m, 50m).

We used Q5 elements, with a space step of 20m. The refined area is spatially refined by a
factor ps = 20 with @) elements, and temporally refined by a factor p, = 4. We added 20m of
PML around our domain.

We display on Figure [L3| snapshots of X displacements. We note that the diffracting points
produce an important diffraction that would not appear with elasticity only heterogeneities.
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Diffracting points, density= 20%
A =1.7612 x 1010
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Figure 12: Diffracting points medium characteristics.

Figure 13: Snapshots at different times of X displacement for a medium with diffracting points.

5 Conclusion

The discontinuous Galerkin presented in this article is based on a displacement formulation both
for acoustic and elastic domains to treat them in an unified framework. This unification is
achieved through a simple change in the flux terms that guarantees the preservation of the right
continuities. Consistency and stability of this scheme are proven and studied. Thus this scheme
is adapted to 3D problems although we only showed 2D numerical experiments.

This elasto-acoustic formulation paved the way for an optimized formulation of interior
penalty discontinuous Galerkin methods. Indeed, the optimized formulation leads to an im-
proved numerical dispersion and 30% improved CFL condition for the elastodynamic equation.
This decoupling of S-waves and P-waves penalty terms is applicable to other vectorial equations,
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and similar improvements can be expected.
Although we did not discuss it in this paper, the new method is easily amenable to parallel
implementation that is detailed in [7].
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A Proof of Theorem [1]

In order to prove this result, it suffices to estimate the unsigned term

Ir = /F{{Gh(Vh)n}}N [viln dy + /F Or{on(vu)n}r - [va]r dy, (A1)
for I € Fy,.

e First case: T'= K NT € FiL.
Using the Cauchy-Schwarz inequality in L*(T'):

1 1
Ir < 5\\(0h(VK)H)N||L2(r) [[veln N2z + §||(Uh(VT)n)N||L2(F) ITvaln 2z

(A.2)
@r 61"
+7H(Uh(VK)n)T||L2(F) ITvr]r ||L2(F) + 7||(0h(VT)n)T||L2(F) INZA ||L2(r)-
We choose = to be normal to each face, and y tangential, we get
(o(v)n) -n = Adivv + 2u01vy, (0(v)n) - 7 = p(davy + 01v2). (A.3)

Introducing (A.3) in , we get:

Ir < (||)\KdiVVK +2uK 01Vl L2y + [|[Ardivvr + 2,UT61VT,1||L2(F)) ITveln 22

DN | =

Or

3

(nuK(asz,l + Ovviea)llzaay + lur (B + alvT,2>||L2<p>) Mvalz llzeo-
(A.4)

Using an inverse estimation, (A.4]) becomes:

1 Cinv K .
Ir <5 (1(/}; ) [Ardivvg + 2ur 01Vl (k)
hr

Cim; T .
hl%’)H/\leva +2u701vr L?(K)) Ivrln [z

. K (A.5)
Or (Cn(P)

+ —_
2 1/2
hF/

+

lr (O2vie1 + 01V 2)l L2 (k)
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Applying a triangular inequality to (A.5)) yields:

1 Cin'u K .
=3 ( h(/p) IR divvie e

T

Cin'u (p K )

h!?

Cinv (pT)
hi?

Cinv(pT)
hi/?
Or Cmv(pK) 1/2) 1/2

+ 2(%/2#1( g™ (02vi 1 + 01V 2)ll L2 (k)

Cinv(pT)
hi/?

+ )2 2pk) 201Vl e
1/2 1/2 ;.
MM 2 diver || e o

+ Cur) 2| (2ur) 2oy

+

LZ(K)) vl o

sl 2N () V2 (Bav s + 81VT,2)||L2(K)) ITvrlr 22

If we sum on all faces of F# and use Cauchy-Schwarz inequality in RY we get:

1 1/2 c ( K)Q 1/2
2 5. inv (P
2( Z ||/\}</ leVK||2L2(K)> ( Z T/\KH[[Vh]]N ||2L2(r)>

Cinv (pT ) 2

ur) | [valn ||2L2(1“)I>Tia

1/2
u)llviln %2@))

1/2

1/2
prll[va]r %2(r)>

rerf reFf
r=KnT '=KnT
1/2 1/2
1 1/2 4. Cinv(pT)2
+2< Z ”)‘T/ leVT”%z(T)) < Z TATH[[VIJ]N H%2(r)
re 7t reFf r
r=KnT '=KnT
1/2
1 Cinv(p")?
+2< Z ||(2MK)1/231VK,1|2L2(K)> ( Z  he
rerp rerf r
r=KnT P=KnT
1/2
1 Cinv )2
ST e o) (% S
rerFf rerf r
'=KnT '=KnT
1/2
1 C. K\2
+2< Z ||u%2(82vz(,1 +81VK,2)||2L2(K)> ( Z Or zm)h(p )
reryp rerf r
'=KnT '=KnT
1/2
1 1/2 2
+3 Z” gt " (O2vra + Or1vre)llLe Z” Or

hpr

1/2
prll[va]r ||%2(r)) :
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. . P . . 2 2 1 2
Finally, using Young’s inequality ab < £%a” + 4—521) we get:
<§2 1/2 5. 2
Z Ir =5 Z CE) (A divvie |72 k)
rerf KeTh
Tr=KnNnT
1/2 2
+ ||MK (v +Ivie)12x))
Z C(K)|(2uk ) ?orvi allZ2 k)
KeTh
C Y U0 0vicalae (4.8)

KeT;L
1

re rf
r=KnNnT

1

Fe}‘h
P=KnT

where C(K) < Nk is the cardinal number of 0K N .7-",% and Ng = 0K N Fy,.

tm X eGP0+ 20bly e

Or 5 )
e 2 o (G uiale iy,

e Second case: I" € ]-',l; such that I' C K. Proceeding as in the first case, we immediately

get:

Yo o< > GUE)(INdivvellFe

Fe}'}’b KeTh
I C 9K

+ 2 @avica + 01vie2) 132 x0))

+& Y CUI)Iur) Povalia

KeTh

+& Y CE)I2px) 202V all72 )

KeTy,
1

rerp
I C 9K

1 Or, ., 2 2
tig L G @il ey,

b
rer,
I C 9K

where C,(K) < N is the cardinal number of K N FP.

e Using the definition of the isotropic stress tensor, we get:
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/ on(vp) : Vpvpdx = Z (H)\%zdivaH%%K)
Q KeTs,

+ 1120k )
+ 2 (Bevics + nvica)l7zx))-

A.10
20y + @) 20 alBaey 1Y)

If we look now the coercivity of the form a,™*:

Using (B8), (A9) et (A10), we have

azewe(vh,vh) :/Qah(vh) : thh dx
(149 [ Aonwanly - flvdy
Fh

—(I+¢) . Or{on(vi)n}r - [va]r dy

4 Z S {Cinv (p)hf‘/\ +2u) H [[V}L]N H%?(F)

FeFLiuFs

Y s Ma"—wnuvhmzm

LeFFUF,

>y (1— (14 ECHE) + SO I divvic B

KeTn

+ (1= (1 +e)(ECh(K) + %C(K)))II(%K)”2 T2(K)
2

+ (1= (1 +e)(ECh(K) + %C(K)))II(%K)“2 T2()

2 nria
(= (1 /GCE) + SN i @avica + avi,2>||i2(K>>

. 2

2
rerf 40N ir
(1+e), . Or{Cinu(p)*n} 2
# 3 g i e

—— (1 = <) T (»)2(\ -2\
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Since Cy(K) + C(K) = Nk, choosing &2 = £2/2, we get

(1= (4 (K + o) =1 - VelLEIE

We want a relation such that Yu € Vi, a(u, u) > Ceoer||t|n-

To get a coercivity constant Ceoer €]0, 1] when € € {0, 1}, we need to have

NK(l + 8)52

1—
2

Z CCOE’I‘

and
~(1+9)
26%6N

1 Z CCOE’I‘

and
(1+¢)

1 —
26267

2 Ccoe'r‘

Thus, we have to choose

NK(l + 5)2

VFE]:h, 5N76T25jv:5;:m

(A.12)
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