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1 Introduction

The purpose of this paper is to design and analyze semi-discrete discontinuous Galerkin (DG)
methods for a general elastodynamics problem. The use of the elastodynamics equation to
model the seismic response of heterogeneous media with irregular topography and complex
physical layers is a subject of research that has been intensively investigated in recent years.
Thanks to the advances in computer facilities, the development of numerical methods for seis-
mic wave propagation has found relevant applications and is currently a very active research
field. The most employed numerical strategies for seismic modelling include finite difference
(FD), pseudo-spectral (PS), and (continuous and discontinuous) spectral element (SE) meth-
ods, see, e.g. [12,27,38,51] and the references therein. In particular, for earthquake modelling
a large number of FD schemes have been developed so far. Such schemes may considerably
differ form each other either in methodological and algorithmic aspects. In some special
configurations the most advanced FD schemes can be as competitive as PS and SE methods:
for the same level of accuracy, they can be even more computationally efficient. However,
whenever geometrically and rheologically complex realistic problems are considered, FD
methods are lacking in efficiency, see [38] for a comprehensive review. Fourier PS methods
have been originally introduced in [32], and combine the simplicity of the spatial discretiza-
tion on a structured grid with the optimal accuracy of global spectral differential operators. If
on one hand PS methods retain an unbeatable low spatial sampling ratio and computational
efficiency, on the other hand they face accuracy problems when modelling seismic wave
propagation in media with sharp velocity contrasts [37] and free-surface boundary condi-
tions [53]. Moreover, the expensive interprocessor communication required by the algorithm
undermine their parallel efficiency, although some remedies have been proposed in [27] to
alleviate the above mentioned shortcomings, making PS acceptable for complex earthquake
simulations. After more than twenty year since their first application in fluid dynamics [41],
continuous SE methods have become one of the most effective and powerful approaches
for solving three-dimensional seismic wave propagation problems in highly heterogeneous
media, the first applications in elastodynamics can be found in [19,30,48]. The geometrical
flexibility (inherited from finite element methods), the high order accuracy (acquired from
spectral methods) and the native orientation towards high performance parallel computing are
some of the most important properties featured by SE schemes. Relevant applications in com-
putational seismology are presented in [29,36,50]. However, the use of a uniform polynomial
order on the whole computational domain typical of continuous SE can lead to an unreason-
ably large computational effort, in particular whenever a fine mesh grid is already needed to
describe accurately the computational domain. The flexibility of high-order/SE Discontinu-
ous Galerkin methods [3,4,25] can further improve the capabilities of SE discretizations and
make them very well suited to deal with (i) the intrinsic multi-scale nature of seismic wave
propagation problems, involving a relative broad range of wavelengths; (ii) the complexity
of the geometric constraints while keeping the computational effort low, see e.g. [35].

So far, two main streams have been followed in the design and analysis of DG meth-
ods for elastodynamics: the displacement formulation and the velocity-stress formulation.
For the former, DG methods of Interior Penalty (IP) type, symmetric and non-symmetric,
have been proposed and analyzed in [45,47] for the approximation of acoustic and elastic
wave equations. These schemes have been extended to Spectral-DG methods in [4], to DG
approximations of viscoelasticity in [46] and to nonlinear elastodynamics in [39]. For the
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velocity-stress formulations, the design of DG methods follow the traditional guidelines of
DG schemes for hyperbolic conservation laws. In this regard, conservative methods based on
the use of central fluxes have been proposed in [17], while non-conservative methods based on
upwinding fluxes are studied in [26]. The DG method developed in [52] is based on a velocity-
strain formulation of the coupled elastic-acoustic wave equations; this allows the acoustic
and elastic wave equations to be expressed in conservative form within the same framework.

Here, we introduce a fairly general family of semidiscrete DG methods for both the dis-
placement and displacement-stress formulations of the elastodynamics problem with mixed
boundary conditions (those typically encountered in seismic applications) and the main goal
is to identify the key ingredients to ensure stability of the methods. For this reason, we
start with the displacement-stress formulations which gives further insight on the features
required by the methods. Finite Element methods for the displacement-stress formulation
were proposed and analyzed in the seminal work [33] (see also [34]). Here, some extra dif-
ficulties arise in the analysis due to the discontinuous nature of the spaces and the fact that
we consider the general problem with mixed boundary conditions. However, the flexibility
of DG framework allow us to construct in a simple way, displacement-stress DG methods
that are fully conservative (in the sense that the total discrete energy is preserved). For the
displacement formulation, we consider Interior Penalty (IP) schemes, focusing on symmet-
ric methods, similar to those considered for wave equation in [22], but different from the IP
schemes introduced in [45—47] for linear elastodynamics and those used in [39] for nonlinear
elastodynamics. The IP methods considered in those works contain an extra term that penal-
izes the time derivative of the displacement besides the displacement itself. This term was
required to allow for the stability analysis. However, as we shall demonstrate via numerical
experiments, the inclusion of such an extra term, seems to undermine the overall stability.
Here, we prove stability in the natural energy norm associated to the symmetric IP methods,
with no extra stabilization terms.

As a product of the stability analysis, we obtain optimal error estimates for all the consid-
ered DG schemes. Our semidiscrete analysis represents an intermediate but essential step to
derive the fully discrete stability analysis after discretization in space. The analysis of the fully
discrete schemes is out of the scope of the present paper and will be subject of future work.

The paper is organized as follows. In Sect. 2 we introduce the model problem and revise
some key results. The discrete notation is given in Sect. 3, while in Sect. 4 we introduce the
family of DG methods. The stability analysis is presented in Sect. 5, whereas in Sect. 6 we
state the a priori error estimates. Numerical experiments verifying the theory are presented in
Sect. 7. In Sect. 8 we draw some conclusions. The paper is closed with “Appendix” containing
some technical results.

Throughout the paper, we use standard notation for Sobolev spaces [1]. The Sobolev spaces
of vector-valued and symmetric tensor-valued functions are denoted by H” (D) = [H™ (D)@
and H"™(D) = [H'"(D)]gyxnii, respectively. We will use the symbol (-, -)p to denote the
standard inner product in any of the spaces HY(D) = L2(D) or H%(D) = £*(D). C
denotes a generic positive constant that may take different values in different places, but is
always mesh independent. The notation x < y will represent the inequality x < Cy for a
constant C as before.

2 Continuous Problem

Let 2 C RY, d = 2,3, be an open, bounded region with Lipschitz boundary 92 and
outward normal unit vector n, and let d§2 be composed of two disjoint portions I'p and
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Ty, with meas(I'p) > 0. Given a volume force f € L2((0, T]; L2(£2)), a boundary datum
gecCl(0,T]; H'/2(I'y)), and smooth enough initial conditions ug € Hé.l“p (£2) andu; €
1.2 (£2), we consider the mathematical model of linear elastodynamics:

pXuy(x, 1) —V-a(x,t) =f(x,1), in 2 x (0, T], (1a)
Ao (x,1) —e(u(x, 1)) =0, in £2 x (0, T1, (1b)
ux,r) =0, onI'p x (0,T], (1c)

o(x,)n(x) = g(x, 1), on Iy x (0,7T], (1d)

w(x,0) =u;(x), in £2 x {0}, (le)

u(x, 0) = up(x), in £2 x {0}, (1f)

whereo : 2 x[0,T] > S = Rfyﬁi is the Cauchy stress tensorand u : 2 x [0, T] — R4
is the displacement vector field. The mass density p € L% (£2) is a strictly positive function,
ie.,

0<ps <p(x) <p" Vxef. 2
We denote by e(u) : 2 —> S the symmetric gradient defined by e(u) = %(Vu +vul).
The compliance tensor A = A(x) : S —> Sis a bounded, symmetric and uniformly positive
definite operator, encoding the material properties, such that

1 A
Ao = — (0 — ———tr(o)I Vo €S, 3)
21 3x+4+2u

where I € R?* is the identity operator, tr(-) stands for the trace operator, and both the Lamé
parameters A, u € L°°(£2) are positive functions. Provided A is invertible, (3) is equivalent
to the Hooke’s law 0 = A~ 'e = De, with

D:S— S, Dr=2ut+rtr(r)l VresS. “4)

In this case, from the properties of A, it is directly inferred that D is symmetric, bounded
and positive definite, i.e., there exist D, D* > 0 such that

0 < Du(1, 7)o < (D1, 7)o <D*(r, 7)o VT R 1 £0. 5)

To simplify the notation, in the following we will write go = g(x,0), 69 = 0(x,0) =
De(u(x, 0)) = De(up).

‘We next consider the variational formulation of (1a)-(1f): forall r € (0, 7] find (u, o) €
H{ 1. (£2) x £L*(£2) such that:

(pu, V) + (0, e(WM)e = E, Vo + (8 Vry VveH) (2., (6a)
(Ao, 7)o — (e(u), 1) =0 Ve LX) (6b)

Under the above regularity assumptions the saddle problem (6a)—(6b) has a unique solution
(u,0) € Hj , (2) x £7(£2), [18], and satisfies a priori stability estimate in the following
energy norm

l@. o2 = [p"Pu g o+ [Ae0] 5 . Vielo.T].

For further details we refer the reader to [18, Theorem 4.1] for the general existence result,
cf. also [2, Appendix A].
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Remark 1 Choosing T = e(v) in (6b) and substituting the result in (6a) we obtain the
following equivalent weak problem: for all t € (0, T'] find u € H(l)’ rp, (£2) such that:

(puy, V) + (De(m), e(M)e = (£, V) + (8 VIry VveH) (2). ()

This problem (7) is well posed and that its unique solution satisfiesu € C((0, T']; H(l), Iy £2)N
C'((0, T1; £*(£2)), see [44, Theorem 8-3.1].

Finally, we will often use the following integration by parts formula that holds for w, z €

', 7)) . .
/O (W, z)dt = (W(t), z(1)) — (w(0), 2(0)) —/0 (We, z)d. ®)

3 Notation and Technical Tools for the Discrete Approximation

In this section we introduce some notation and revise some technical tools that will be used
in our analysis.

3.1 Mesh Partitions

We consider a family {7,,0 < & < 1} of shape-regular conforming partitions of £2 into
disjoint open elements K such that 2 = U JKeT;, K, where each K € 7, is the affine image of
a fixed master element K, i.e., K = Fx(K), and K is either the open unit d-simplex or the
open unit hypercube in R, d = 2, 3. For a given mesh 7, we define 4 = max KeT, hk with
hx = diam(K). Notice that the mesh may contain hanging nodes. We collect all the interior
(boundary, respectively) faces in the set F} (f;?, respectively) and set F = F; U f}?’ In
particular ]-',? = .7-'}? U f,’lv , where ]-'hD = ]-'fl) NIpand FY = ffl’ N I'y contain respectively
all Dirichlet and Neumann boundary faces. Implicit in these definitions is the assumption
that 7;, respect the decomposition of 92 in the sense that any F € F, ;Z belongs to the interior
of exactly one of th or }—}11\/ . An interior face (for d = 2, “face” means “edge”) of 7j, is

defined as the (non—empty) interior of K N dK , where K+ and K~ are two adjacent
elements of 7,. Similarly, a boundary face of 7 is defined as the (non-empty) interior of
9K N 2, where K is a boundary element of 7. We also assume that for all K € 7, and for
all F € Fp, hgk < hF, where hp is the diameter of F' € Fj,. This last assumption implies
that the maximum number of hanging nodes on each face is uniformly bounded. Finally, we
assume that a bounded local variation property holds (see [21]): for any pair of elements K+
and K~ sharing a (d — 1)—dimensional face hg- < hg+ < hg-. Fors > 1, we define the
broken Sobolev spaces

H'(7;) = {v € L*(22) such that v| , e H'(K) YK €7},
H'(T;) = {r € £L*(2) suchthat 7|, € H'(K) VK €T;}.

We will also denote by (-, -)7, and (-, -) 7, the L2(7;) and L2 (Fp) inner products, respec-
tively, and use the convention that

@7 = D (0. ¥k (@ ¥rH= D (0.9

KeT, FeF

for any ¢, ¥ regular enough functions. The same notation will be used for the £%(7;) and
£2(]-'h) inner products.
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3.2 Trace Operators

Let F € F, ,f be an interior face shared by two elements K +of Ty, and let n+ denote the normal
unit vectors on F pointing outward K + respectively. For v € H!(7;) and T € £%(T},) we
denote by v* and 7 the traces of v and 7 on F taken within the interior of K+, respectively.
On each F € F}, the weighted average and jump operators are defined as

{V}5=5V++(1—5)V_, {1}5251++(1—5)1_, § €0, 1],
Ivi=viont+v on~, [tl=t"'n"+7 n,

(€))

forallv € L2(73,), T € £2(73,), cf. [7]. Here v O n = (vn! + nVT)/2. Notice that with the
above definitions [v]] € S. On F € f;?’ we set {v}s = v, {t}s = 7, [V] = v © n. When
8 = 1/2, we drop the subindex and simply write {-}. For all T € L2(T), v € H{(T), the
following identities hold

> trng.viak = D (v@ng. Dk = (). V)7, + (ATl (hze.  (10)

KeTy, KeT,
(v (z)on*) . = ((z)s, V" O0F) (11)
where ng is the outward unit normal to d K. >From (11) and observing that
25 — 1
{r}snT = {z}nt + %[{r]} V8 e[0,1] VYF e F?, (12)

it also easily follows

— (Via—) = V) [t = ({7ds — {7}, VDD - 13)

We finally observe that, in [4,45] the following slightly different definition of the jump
operator is considered

Mvl=vF®n"+v ®n~ [[Vl=v®n VYF e F,

from which it follows that [[v]] is still a tensor but it is not necessarily symmetric. Neverthe-
less, it is easy to prove that the following identity holds

(VI Axh e = (VDL {Th sy Y7 € H (Th).
3.3 Finite Element Spaces
For k > 1 we define
Vi= {u L) : uoFx e [MNE)Y VK e Th}
= {r € L2(2) : ToFx e MK VK e Th]

where MK (I? ) is either the space IPk(I? ) of polynomials of degree at most k on K ,if K is
the reference d-simplex, or the space QX(K) of tensor—product polynomials on K of degree
k in each coordinate direction, if K is the unit reference hypercube in R.

3.4 Technical Tools

For any v € H!'(K), Agmon’ inequality reads
VI, < hg' IVIG x +hkIVI ¢ VF € Fy, F COK, (14)
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where the hidden constant is independent of the mesh size but depends on the polynomial
degree when applied to discrete functions. For discrete functions, we will also frequently use
the following inequality:

hVIGF SIVIGx YF € Fp F COK. (15)

The L?-version of the above inequality, which holds for discrete functions v € wlr (K),
reads
RYPIVILocry S IVlleky 1< p <00, (16)

cf. [14]. Let w be either an element, an edge or a face of the decomposition 7, and let v be
a polynomial of degree k > 1 defined on w, then

1_1
IVIlLr ) < meas<w>(" i) Ve 1<p.g<oc. (17

Finally, for any K € 7), the inverse inequality can be written as
Vimx Shy "IVl YVveEVy s<m. (18)

The hidden constants in (15),(16),(17) and (18) are independent of the mesh size but depend
on the polynomial degree.

4 Discontinuous Galerkin Approximations

In this section, we introduce the family of semidiscrete DG approximations to (6a)—(6b) that
we consider in this work. The derivation of the methods follows closely [6], with a slight
difference though when introducing the schemes for the displacement formulation. We start
by considering a general variational formulation for DG methods: given (" (0), uf’ (0)) two
suitable approximations to the initial data that will be defined later on, find (u”, ") €
C2((0, T]; Vi) x CY(0, T]; ) such that forallv € Vj, T € X,

(pulv), +(o" em) . = (@1 IV, — (15D ¥z = (),
(Aah, T)Th - (e(uh), T)Th — <{ﬁ— u}, [[r]]> - <[[ﬁ— u, {T}>

= 0’
.7'-;‘) Fn
where
@) = (8", oM. 5", M) : (B (@) x H'(T)" — (LAFE. £2F)

are the numerical fluxes that will be properly chosen and identify the corresponding DG
method. On boundary faces F € F, ,‘? we always define the numerical fluxes according to the
boundary conditions:

h

u=0 onFe]-}?, i=u"—cn@'n—g) onFeF,
n=o

G "n—cju" onFeFP, Gn=g on F e Fy.

Here, ¢;; and ¢p; are functions (possibly equal to zero) that we will choose later on. Then,
the DG formulation becomes: Find (u”, ) € C2((0, T1; V) x C°((0, T1; ¥}) such that
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forallv e V;, T € X it holds

(pu?t, V)Th + (ah, e(v))

— (@), IV 7 — (1T 1. (v} =y + (erru®, v) op

T
— (0", V)gp = €7 + (8 V) g (19a)
(Aah —e(h), r)T] — ([ —u"y}, [z sz — (U — u'7, {thr
+ ("1 (2] 2o + (e22(6"n —g). Tm) oy = 0. (19b)

We present now several methods for approximating the displacement-stress formulation,
by selecting different choices of the numerical fluxes in (19). We restrict our attention to
methods for which the numerical fluxes U and @ are singled valued, and so [u]] = 0 and
[@1 = 0 on internal faces.

Now, in analogy with the method introduced in [11] for second order elliptic problems,
the full DG (FDG) approximation is characterized by the choices

= {u")_s —enlo"], &={c"}s—culu"l, Fez, (20)

where
el =c1hp'K*D) en =chpk D)™ FeFp. Q1)

Here ¢, ¢ > 0 are constants (sometimes required to be strictly positive). On boundary faces,
¢y and ¢y, are defined accordingly. Substituting (20) into (19), we get: Find (uh, ah) €
C2((0, T1; V) x CO((O, T]; Xp)suchthatforallve Vyand Tt € X,

(pu?t, V)Th + (ah, e(v))T

= (o™ —enlu' L IV

+enu”, v zp — (@' v) 2o = (. V)7 + (8. V) £y,

(40" o). 7) = (u"has — 0"} [z + (enllo” ], D)

h

(" (7)) oep + (220" n — ). Th) oy = 0. (22)

Special cases are the local discontinuous Galerkin (LDG) method and the alternating choice
of fluxes (ALT) methods. The former is characterized by setting ¢;» = 0, whereas the latter
by ey =c¢jy =0and§ = 1ord = 0. For § = 1 the numerical fluxes become

=", 7=@6"H". (23)

This choice has been frequently used to design DG approximation for time dependent prob-
lems with high order derivatives [13,54]. To our knowledge, the ALT method has never been
considered for the elastodynamics problem. In the next section, we will show that stability
for the ALT method can be guaranteed only in the case of Dirichlet-type boundary conditions
(or periodic boundary conditions, generally used in [13,54], but not realistic in the present
context).

We now consider DG methods in displacement formulation. To obtain the variational
formulation starting from (19), the numerical flux ¢ is defined as a function of u’. More
precisely, for § € [0, 1], we specify o as follows

-~

o =

[ (De(u")}s — Splu"] F e 72, on

De(uh) — Spuhn F e ]—"hD,
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where
Sr = cooh ' k(D) VF e FYUFP, (25)

and ¢ is a strictly positive constant that has to be chosen sufficiently large, see below. To be
consistent, we have replaced the parameter ¢;; by S, which plays the same role and scales
in the same way (see below for its precise definition), but, differently from ¢, will undergo
to a technical restriction. The definition of the numerical fluxes on boundary faces has to be
modified taking into account that o"n = De(u")n on }'2 (and ¢ = 0 now). Hence, we

have: N
u=0 onFef,?, u=u onFe}'}lv,

on=De@" n—-Spu" onFeFP, Gn=g onFerF.
Assuming now that the finite element spaces (V,, X,) are such that e(Vj) € X and
setting T = De(v) € X, in (19b) we find for all v € V:

h _ h = h ,

(40", Dew) = (ew"). De)) +(@—u'}. [P 5
+ ([ — 0", {DeM)}) o 2P -

Since A is symmetric and positive definite it holds

(Aah,De(v)) (ah,ATDe(v)) = (" e(V)7, YveVy,

Ty - T
and so,
(@", eW)7, = (e@"), De(v))7;, + ({U —u"}, [DeW)]) 77

+ (I8 — u" ] {DeW)D) £ p-

Combining now the above equation together with (19a) and the definition of numerical flux
o given in (24), we finally get the following formulation: Find " € C%((0, T]; V}) such
that for all v e V,

(ou.v) _— (e, Dev) J (@ " [DeW) Dz + (I8 — o' 1 {DeW)]) s zp

— ((Pe@")s, VD) £y 2 + SFIU" T IV 2 = (€. V)7 + (8. V) v

which corresponds to the family of classical Interior Penalty (IP) methods. Following [49],
to obtain the weighted Symmetric Interior Penalty method (SIP(8)) we define

u={u"}_s VS8 €0, 1].

For 8§ = 1/2,1 = {u"}, we get the classical Symmetric Interior Penalty (SIP) method [5].
The weak formulation reads: find u” € C%([0, T']; V) such that

(,ou,h,, V)T] + a(uh, v) =, v + (g, V)]_-Piv VveVy, (26)
where a(-, ) : Vj x V, —> R is given by
a(w,v) = (e(w), De(V))7, — ({De(W)}s, IVI) 70, zp — (W1, {DeW)}s) oy 7P

+SFIWIL VD 7 - 7
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5 Stability

We now prove stability in the natural energy norm induced by the DG methods described in
Sect. 4. For the DG methods in displacement-stress formulation (22) we define the energy
norm

w0y = 0]+ 2o,
S Y X

for any (u”, 6") € C2([0, T1; V) x C°([0, T]; X}) and any ¢ € [0, T]. For the LDG and
ALT methods, one needs to set above ¢ = 0 and ¢;; = ¢y = 0, respectively. For the DG
methods in displacement formulation, the energy norm is defined for all u" e C? (0, T1; Vi)
as follows

1/2

2
h _ 1/2 h 1/2 h 2
o0 = 102l 1E 7+ 1D e @ @)IF 7, + IS T O 4y 29)

for all ¢ € [0, T']. For further use, we also define the norm

o], = 10"t )l g, + |12 Pt on L, G0
Moreover, with a small abuse of notation, for t = 0 we write
H(UO’UO)HS MDG le/z hHOTh * HA]/Z h”o T Hc}{zﬂ OHHO FQUFP
+ HC%ZHUOH 0.FUFN’
Hug Hs P H’Ol/2 i Ho,Th 1ﬂﬂuh)”o T H ;/2 0,F0UFP’
Jut], = [P Pecbp],, + [emr 2 Pueial

where (ug, uﬁ’) and ag are some projections of (ug, uy) and o (0, x) onto the finite element
spaces V5, and X, respectively.
The main results of this section are contained in the following two propositions.

Proposition 1 Ler (u”, 6") € C2((0, T1; V;,) xC2((0, T1; X},) be the approximate solution
obtained with any of the DG methods for the displacement-stress formulation introduced in
Sect. 4.

(1) Inthe absence of external forces, i.e., £ = g = 0, FDG, LDG and ALT methods are fully

conservative:

|wo.otan| =|abob| o 0<isT.

E,MDG E,MDG

(i) Iff € L>((0, T); L2(£2)) and 882 = I'p, the FDG, LDG and ALT methods satisfy the
Sfollowing a priori discrete energy estimate:

t
—12
woatan], < labob, o+ [ o7 it hads o< <.
” £.MDG 00 empe T Jy T
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(i) Iff € L?((0, T]; L2(£2)) and g € C'((0, T1; H' (I'y)), the FDG and LDG methods
satisfy the following a priori discrete energy estimate: forall0 <t <T

[ @), 0" )| v + | (o P10 + D2 Il ) d.
0

£, MDG
where g denotes the time derivative of g and

+D; <||go||1pN+ sup ||g(r)||1rN)

OMDG = H(U , 0 )”
070 e MpG

t
+/0 D2 ligelly py lglhya.ry dt

For the IP(8) method, the stability result reads as follows.

Proposition 2 Ler the penalty parameter coy in (25) be large enough and let u" e
C2((0, T1; V) be the corresponding approximate solution obtained with the SIP(§) method
introduced in Sect. 4 with such ¢qy.

(1) In the absence of external forces, i.e., f =g =0,
jwol,, <], o<r=r
E,IP EIP

(i) Iff € L2((0, T1; L2(£2)) and g € C((0, T1; H (I'y)), then

2 t
[, < Var+ [ 6Ol +lg@ln) dr 0<i<T.

where
Gip = ||, +D:" sup @I} r, +D: ol

0<t<T
In the case of boundary conditions of mixed type, Propositions 1 and 2 would require the
traction boundary data g to be more regular that what is required by the continuous problem.
Whether this is a technical restriction due to an artifact of our proof or it is really necessary
to ensure stability of the methods is an open issue. This restriction comes into play from the
proof of Lemma 1.
We next state two auxiliary results. Their proofs are given in “Appendix”.

Lemmal Ler £ € L%((0, TI; L%(2)) and g € C'((0, T1; HY2(I'y)). Let (u",6") €
C2((0,T); V1) x C°0, T1; X}) be the DG approximation to the solution (0, o) of problem

(6a)—(6b) obtained with any of the DG methods introduced in Sect. 4. Then, the following
bounds hold:

t
‘ /0 (f(v), vl ()7, dt

t
—1/2
5/0 o IO 0.2 102! (@)l d 31)

t t
‘ /0 (€228 (7). 0" (1) M) v dt| < /0 D> P lge @l 2.1y e’ o (Omllg gxdz,  (32)

where ¢p; is defined as in (21) and Dy, py are given in (5) and (2), respectively. Furthermore,
ifg € CH(0, T1; H'(I'y)), then for any € > 0, it holds

t 2 1 D—]

’ | @t sy ar| < et o]+ 00 fu] 1ot + 2 I

t
—1/2
+/0 D, lg. (Ol 1y

uh(r)Ha dr. (33)
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The following result provides a bound of the norm of the symmetric discrete gradient in
terms of the discrete stress tensor, and will be required in the proof of Proposition 1.

Lemma2 Let f € L%*((0, T]; L2(2)) and g € C'((0, T]; H'/?>(I'y)). Let (u",o") €
CQ((O, T1;Vy) x CO((O, T1; X1) be the approximate solution to (6a)—(6b) obtained with
any of the DG methods for displacement-stress formulation introduced in Sect. 4. Then, the
following bound holds:

1/2 1/2
ID ez, S 146" o7 + lley " Tu" Mo, 77 + ey [0 Tl 5
+D; gl 2. 1y - (34)

where D is given in (5). For the LDG method the last two terms on the right hand side are
not present in the bound.

Proof (Proof of Proposition 1) To simplify the notation we drop the explicit dependence on
t.

Step 1. We take v = uf’ € V), as test function in the first equation of (19a) and use [6]] = 0
to obtain

(puliuf)  + (0" e@h) = (@) W0 ryorp = .0z + (g sy (35)

Step 2. We consider the DG approximation of equation (6b) differentiated with respect to
time

(Aot e )+ (@ —ul). Iel)y + (00 —uf D 4e))
h h

+ <022(6?n — 8, Tn> v=0
‘Fh

for all T € X, where the numerical flux W, is defined according to the definition of u. In
particular on boundary faces we have i, = 0 on I'p. By setting T = ¢ in the above equation,
and using that [u;] = 0 we get,

(Aaﬁ’ —e(u)), ah)Th — ({8 — ). Lo Iy + (Eu?]]’ {ah}>f;;ufﬂ

+ (czzaﬁ’, o n> v = (g, o n)rn.
‘Fh h
Step 3. Summing up the above equation and (35) we have
h h o _h h h h
(pun, u,)Th + (Aa, , o )771 +Q= (f, u’)ﬁ, +<g, u; >7"/,V +(eng, o7 m) v, (36)
where Q is defined by

— _ U5 h h h
Q= (@ W Mgyuzp + (107D 1),
~ (@ — w1, 10" Dy + (e ") (37)

Equation (36) is then equivalent to

1d
2dr (10" 2ul 1 7, + 142613 1) + @ = (F.uh),

g ) gy + (eng 0" m) ey (38)
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We first study the case (i), i.e., f = g = 0. Then to guarantee stability of the method it is
enough to show that Q is either non-negative or it can be rewritten as the time derivative
of a non-negative quantity. Substituting in (37) the definition of the fluxes (20) for the FDG
methods, Q becomes

QP = —((o")s — (0"}, Iw) , _, +{enlu"], [u/T)

FoUFP

h

FRuFp

+ ({u)} — (u}1s. 0" ). +(enlol 1. 06" 1) + (o). o") .
]-'h F

h

Thanks to the definition of the average operator on boundary edges/faces and the identity

(13) witht =" andv = uf’, we have
({o")s = o). 10/ D) o p = (U]} = {uf}ios. [0 1) 5. (39)
and therefore
QfPe — ; = (110" WG gy o + 1380 WG o) - (40)

For the LDG (¢2; = 0) and the ALT (¢1; = ¢22 = 0) methods the above expression reduces
to

QP = H 1/2[[ ]]Ho FouFpP’ o™t =o.

Therefore, for all the considered methods, the corresponding discrete energy defined in (28)
is preserved in time.
Next we deal with the case (ii). By using estimate (31) from Lemma 1, we find

1/2 h ”0 Thdf

t
—-1/2
) 2 f
H W' o )Hg MDG ~ H ) Hs MDG + /0 P IEllo.cllp
which together with the definition (28) and Gronwall’s lemma [42, p 28] gives the result and
proves part (ii). We finally show part (iii).
We consider the FDG formulation; the corresponding estimate for the LDG can be obtained
by setting ¢ = 0. Substituting (40) into (38) gives

2
8 L [y

= €. ui)7, + (8. u)) py + (engr 0" ) . (41

1d 12
S (||p”2 M3 g + A2 B 7+ lley I Wlig, zpuzp + ll€2)

Recalling now the definition of the ||-||¢ mpg norm (28), and integrating in time we get

t
+ / (f,ul)7, dt
0
—_—

I

Lin n 2 Ly nll?
_ < _
2 H L )(t)HE,MDG ) H (uo’UO)Hg,MDG

t
+ ‘/ (g, u’;)flzv dt
O 1
i

t
+ ’/ (€228, o n)}-’N dt
0 n

I
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The terms I and III are readily estimated by using Lemma 1
t
-1/2
e A

t
—1/2 1/2
< [ D el el e nll g d
0

To estimate the term II, from Lemma 1 we first have for any € > 0 (to be specified later)

2 D—l t _1n
e o+ uf) el ry, + = ||g||%,rN+/ D; " ligelln p,
0

u” ” dt.
a

Now, to bound || u” Ha in terms of the H (", o™ || £ MDG horm, we use estimate (34) from
Lemma 2, to get '

h

2 2
<Crq (H ", Gh)H + D?H%H%/z,m) g

o
a £,MDG

and so the estimate for the term II becomes,

2 —1

D -
wsecu o]+ |ub] el n, + == gl r, +ecuDl el

E,MDG
‘
—12
+/ Dy " llgelli, ry
0

Substituting all the above estimates, recalling the definition of the ||-||¢ ppg norm, using
standard Sobolev embeddings and taking € so that 1/2 — Cyje is positive, gives

t
h _h —1
) B e o A I

H S Gh)HZ,MDG S H (u{)’, US)H

2

172 | .n
+D;1 [uf|
eama TP U6 ] ol

t
+07 gl +/ ;" lge sy g2y d
0

t
—-1/2 —-1/2
+ [ (o7 P10l + 07 el ) o b

By a standard application of Gronwall’s lemma [42, p. 28] the proof now follows. O

£,MDG

Before proving Proposition 2 we first observe that, for any F € F; U F}? , and any
w, v € V}, the Cauchy—Schwarz, Agmon inequality (14) and inverse inequality (18) give

1 1
[((Dew))s, IVI) F| < Q||D”2e<w>||o,K||S}/2[[v11||%,F = o Wlew Ve @2)

where cqg is the positive parameter appearing in the definition of the penalty function (25).

Proof (Proof of Proposition 2) The proof is obtained as follows.
Step 1. We set v = uf’ € V5 in (26) to get
1d
2dt
Step 2. Integrating in time the above equation we obtain

(], —200e@ s, 10D gy ) = Coulir, + w43

2
h h h h h h
Ju Hg,u» — 2((De ("), 01}y p = [ H&IP — 2({Del))s. T 1) 5o 2
t t
+2/ (f,ul)7, dr +2/ (g, uy) v dr. (44)
0 0
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Using (42), the arithmetic-geometric inequality and choosing the penalty parameter cgg suf-
ficiently large, we obtain

2 2
h h h h
_2 P ’ " R H H ’
o, — 20D 10D £ o 2 |
[us]” —2Delis, O sy 50 < ol
0 ciIp 0 ’ th.'Fh ~ 0 S,IP.

Substituting now these two estimates into (44), gives

h 2 h 2 4 h t N
" SH“ H +/ f.u Tdf+/ July v dr.
H Hg,lp Ollere ™/ (. u)7;, ; (g ur) 5

Iff =g = 0, part (i) of the thesis follows. As regards part (ii), Lemma 1 and the inequality
o[, = o | o give for € > 0

2 2 2
hH S H hH H h” H hH

u € |u + [|u + |u

H e &P Ollep 04 Igoll1. ry

—1

D; 5 oo -1/2 h
+T||g||mv+/0 (07" 1800, + D2 P lgellry ) ”g,m dr.

Choosing € small enough we obtain

2 2
h h h “Lyan2
u < Hu H + Hll H +D
H HS,IP ~170le e 0 a”gOHLFN « 18l

t
B —1/2
+/ (p*lnfno,mD* / ”gr”LFN) H“hH 4z,
A E,IP

and (ii) follows by a standard application of Gronwall’s lemma [42, p. 28]. O

6 Error Analysis

In this section we state the a priori error estimates for the DG methods introduced in Sect. 4.
The proof follows from the stability results by using standard arguments (see [2] for detailed
proofs). For (v, ¢) € C%((0, T]; H' (7)) NH2(T3,)) x C°((0, T1; H' (7)) we introduce the
following augmented norms

1001 o6 = 1. 2w + [ebtehs
' ' 0,FpUFP
2
2 2 172
v =|v + Hh De(v 5” ,
VI o = 11+ [ D

where ||(-, -)ll¢. MpG and ||-|| ¢ 1p are defined in (28) and (29), respectively.

Theorem 1 Let (u, 0) be the solution of (6a)—(6b) and let (0", ¢") € C2((0, T1; V) x
C%(0, T1; X}1) be the solution of any of the DG method in displacement-stress formulations
defined in Sect. 4. Then,

s @ v @), 00) = 0" 1| 1e.up6

1/2
SHE sup (u)Fsy o + 1o o + h e Olire)
0<t<T
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T
1/2
+hk/0 (0@ 241 o+ 1210 @17 o +hu (@lir0) ' dr

T
1/2
+ K /O (10 (@2 o + 210 (@241 o + P (s 0) > dr,  (45)

where the hidden constant depends on D, D*, p*, k, and the shape regularity constant of
Th.

For displacement formulations we proceed similarly and obtain the following a-priori
estimate.

Theorem 2 Let u be the solution of (7), and let " € C2((0, T1; V) be the approximated
solution obtained with the SIP(8) method defined in Sect. 5. Assume that the penalty parameter
coo appearing in (25) is large enough. Then,

)1 /2

h k 2 2 2
sup [lu(®) w0 lear S 5 sup (0O + M2l 4 0
0<t<T 0<t<T '

T
1/2
+ht / (U (D241 o + e (@2 o) dr, (46)
0

where the hidden constant depends on k, D*, p*, and the shape regularity constant of the
mesh Tj,.

7 Numerical Results

To conclude our analysis we present some numerical results. The fully discrete solution is
recovered by combining our semidiscrete formulation with the second order accurate explicit
leap-frog time integration scheme, where the integration time-step has be chosen sufficiently
small in order to guarantee that the temporal component of the error does not affect the spatial
one.

7.1 Two Dimensional Test Case

Weset 2 = (0, 1)2, I'p = 32, » = . = p = 1 and choose f so that the analytical solution
for the problem (6a)—(6b) is given by

. 5 .
u(X, t) = sin(ﬁﬂt) |: Sln(n’x) Sln(zj'[y)i| -

—sin(27 x) sin(rry)?

The Dirichlet boundary conditions on the whole 0£2, the initial displacement up, and
initial velocity u; have been set accordingly. The computations reported in this section
have been obtained using the finite element software FreeFem++, cf. [23]. We test our
DG schemes on a sequence of successively refined triangular meshes with mesh size
h = 0.25,0.125, 0.0625, 0.03125 and consider a polynomial approximation degree k = 1, 2.

We start comparing the approximation properties of the LDG (¢j; = 10) and the SIP
(oo = 10) methods, cf. Sect. 4. We have ran the same set of experiments with the ALT
method, cf. Sect. 4, and a completely analogous behavior has been observed; for brevity
such results have been omitted. For the sake of comparison, we have also ran the same set of
experiments employing the extra-stabilized Non-symmetric Interior Penalty (sNIP) method
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Table 1 Computed errors
measured in the corresponding Esip Erpc Esne 1471

energy norm as a function of the h k=1 k=2 k=1 k=2 k=1 k
mesh size i for linear (k = 1) and

quadratic (k = 2) finite element, 025000 2.7950  0.8767 3.3471 09212 27968  0.8772
and corresponding computed 0.12500 1.6364 02528 1.8803 02650 1.6366  0.2529
convergence rates (last line)
0.06250  0.8575 0.0669 0.9405 0.0704 0.8575  0.0669
0.03125 04338 0.0174 04639 0.0180 04337 0.0171
Rate 0.9832 1.9398 1.0197 19701 0.9833  1.9650

=2

described in [45] (cf. also in [39,46,47]) that reads as: find u” € V, such that forall v € V,
it holds

(ouly. v) (@), De() 7, — (IDe@")}s. IVI) 5y 5p
+ ("1 (De)s) oy 70 + (SFIWIL VD) £y 22
+(SrIuf D VD) £oy 2o = (£, V)7, + (V) £ (47)
where the extra stabilization term is required for ensuring (at the theoretical level) the stability
of the method. For the sNIP scheme we measured the error in the following norm:

[0l = o0, + 80k 0]

£,sNIP 0,FoUFP

The simulations have been performed setting 7 = 10, and a time step Af = 1 - 10~*. The
corresponding energy norms have been evaluated at each discrete time #, = 9 + nAt, for
n=1,...,10°, and we measured the quantities

Eiog = max [ @it —u’ 1), 0 6) — " 1)

O<tp<

£LDG’
Epp = max |lu(t;) —u (tn)”S,IP» (48)
0<t, <T

n=

h
Egnie = max lu(t,) —u” ()l e snip,
0<t, <T

which represent good approximation of the quantities estimated in Theorem 1 and Theorem 2,
respectively, at least when the time discretization error is small compared to the spatial one.
In Table 1 we report the computed errors measured in the corresponding energy norm as a
function the mesh size & for linear (k = 1) and quadratic (k = 2) finite elements; in the
last row of Table 1 the estimated convergence rate is also reported. The results confirm the
expected convergence rate proved in Theorem 1 and Theorem 2 for the LDG and SIP methods,
respectively, i.e., the error decreases linearly (resp. quadratically) as a function of the mesh
size when linear (resp. quadratic) polynomials are employed. We also observe that the sNIP
scheme exhibits the same order of accuracy of the SIP and LDG methods, in agreement with
[47, Theorem 3.1], and that the errors are of the same magnitude than the ones computed
with the other DG schemes.

Next, we compare the accuracy of the SIP and LDG as a function of the total number of
degrees of freedom. More precisely, in Fig. 1 we report the computed errors as a function
of the total number of degrees of freedom (semilog scale) for the SIP and LDG methods
and for k = 1, 2. From the results shown in Fig. 1, it is clear that the SIP scheme achieves
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Energy error

0 1 2 3 4 5 6 7
Degrees of freedom x 10"

Fig. 1 Computed errors measured in the corresponding energy norm as a function of the total number of
degrees of freedom for linear (k = 1) and quadratic (k = 2) finite elements (semilog scale)

the same accuracy of the LDG methods using less than a half degrees of freedom. From a
computational point of view this is the main drawback of displacement-stress based methods
with respect to the displacement based ones. This shortcoming becomes crucial in three
dimensions where the number unknowns should be kept as low as possible in order to keep
the computational cost under control.

7.2 Three Dimensional Test Case

We solve a wave propagation problem in £2 = (0, 1)?, set the Lamé parameters A, x and the
mass density p equal to 1, and choose f such that problem (7) features the exact solution

—sin?(7x) sin(2wy) sin(2w z)
u(x, 1) = sin(3xw1) sin(2x) sin? (7 y) sin(27z)
sin(2m x) sin(2y) sin(r7)

The Dirichlet boundary conditions on the whole 9£2, the initial displacement ug, and initial
velocity u; have been set accordingly. The numerical computation reported in this section
have been obtained using the DG spectral element code SPEED (http://speed.mox.polimi.
it), cf. [35]. For brevity, in this section we focus only on DG methods for the displacement
formulation (choosing ¢gp = 10), cf. Sect. 4, since as shown by the numerical results reported
in the previous section, it seems that this class of methods is computationally less expensive
than displacement-stress formulations.

We consider a Cartesian decomposition of the domain £2 and define four levels of refine-
ments with mesh size h = 0.5, 0.25, 0.125, 0.0625 (resp. h = 0.25, 0.125, 0.0625, 0.03125)
for a polynomial approximation degree k = 2, 3,4 (resp. k = 1). Since high order spatial
approximation of elastodynamics problems have been previously addressed in the context of
spectral and spectral element methods, cf. [15,19,20,31,43], we also compared the numeri-
cal results obtained with the SIP method with the analogous ones obtained with the spectral
element method (SEM). For the spectral element approximation the spatial error has been
measured using the energy norm defined in (29), obviously neglecting the last term, since
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Energy error
)
o
1

AN

104

N\

102 107" 10°
mesh size h

Fig. 2 Computed errors measured in the energy norm versus the mesh size &, for different polynomial
approximation degrees k = 1, 2, 3, 4 (loglog scale)

Table 2 Computed convergence

. .o k=1 k=2 k=3 k=4

rates for different approximation
degrees k =1,2,3, 4 SIP 11212 2.1157 2.8478 3.7973
SEM 0.9492 2.0622 3.0135 3.7973

the discrete and continuous solutions are continuous across interelement boundaries. The
simulations have been carried out setting 7 = 10 and using a time step At = 1 - 1075, As
before, we have computed the maximum of the energy errors evaluated at the discrete times
th = to+nAt,forn =1, ..., 10°. The results of this set of experiments are reported in Fig. 2
where the maximum of the computed errors is plotted versus the mesh size & for different
polynomial approximation degrees k = 1, 2, 3, 4. The corresponding computed convergence
rates are reported in Table 2. The numerical results confirm the theoretical results proved in
Theorem 2 and demonstrate once again the 2#—optimality of DG discretizations.

We next investigate the stability of the SIP method and compare it with that of the
sNIP method (47) and of the NIP scheme [4] obtained from (47) neglecting the term
(SF I[uf’]], vl FPUFD- To provide a consistent comparison, for all the methods the stabiliza-
tion parameter has been chosen as ¢op = 10; notice however that sSNIP and NIP formulations
are stable for any cog > 0. As before, for different Az, we measured the quantities and Esip
and E¢Nip, cf. (48), as well as

Enip = max_[[u(,) —u" (1)l e e,
0<t, <T
where u” is the solution computed with the NIP method. In Fig. 3 we show Esip, EsNip
and Enpp as a function of the time step At for different polynomial approximation degrees
k =1, 2, 3. The results in Fig. 3 have been obtained with a mesh size 7 = 0.125. Analogous
results were obtained for different choices of the mesh size; for brevity these results have
been omitted. Clearly, the presence of the additional stabilization term imposes a much severe
restriction on the time step size required to guarantee stability, and indeed the SIP and NIP
methods seem to have a less restrictive condition than that required by the sNIP scheme, at
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Energy error

107 10~
At

Fig. 3 Egip (continuous line with dots), ENtp (dash line) and EgNip (dash-dot line) versus the time step At
for different polynomial approximation degrees k = 1, 2, 3 (loglog scale)

Table 3 Coefficients for the heterogeneous anisotropic model given in [107 N m™2] for the anisotropic and
isotropic materials

P D1 D12 Dy D33
Isotropic 2000 5.9858 1.9858 5.9858 2
Anisotropic 2000 5.9858 0.6017 2.2492 2

The material density p is given in [kg m=3]

least when the leap-frog time integration scheme is employed. The simulation uses 2000 time
steps of 50 us. Therefore, despite the fact that the extra term is helpful for the theoretical
analysis, it needs to be handled extremely carefully in the numerical simulations, in order to
guarantee stability in practice.

7.3 Elastic Wave Propagation in an Anisotropic (Transverly Isotropic) Medium

To further validate the method, we study the elastic wave propagation in a heterogeneous
medium. The computational domain 2 = (—800, 800) m x (—400, 400) m contains two
materials separated by a straight line at x = 0. On the right hand side side (x > 0) we have an
anisotropic (transversely isotropic) body with the symmetry axis in the y-direction, whereas
on the left hand side (x < 0) we use an isotropic material. Analogous test cases regarding
wave propagation in anisotropic media can be found for instance in [10,16,28]. In this case,
the stiffness tensor D has 4 independent components. Using the reduced Voigt notation (see
e.g., [24]), Hooke’s law (4) becomes

o11 D1 D12 O €11
00| =[Di2Dxn 0 €20
o2 0 0 Ds3 2€12

Then, the isotropic case can be easily obtained by letting Dj; = Dy = A +2u, Do = A
and D33 = . In Table 3 we summarize the mechanical properties considered in this example.
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isotropic anisotfropic

Fig. 4 (Top) Displacement field u and computational mesh at time = 3 s. The source location is indicated
by a black circle, the four receiver locations are indicated by white circles. (Bottom) Zoom of the displacement
fieldatr =3+

The source is represented by a vertical point force located at the point x; = (—25, 0) m, thatis
25 m from the material interface inside the isotropic material and is acting in the y-direction.
The source time function is given by a Ricker wavelet with dominant frequency fo = 2 Hz
and delay 1) = 1 s and amplitude A = 107 m, that is

T

f(x, 1) = (0, 5(x — x,)A(1 — 22 f2(t — zo)z)e*’fzf()z(’*foﬁ) (49)

where §(-) is a delta function. Absorbing boundary conditions [4] are used on the four edges
of the grid in order to simulate two half-spaces in contact. The displacement field is calculated
at four different locations r; = (x;, yi), i = 1,...,4, with x; = —=300m, x, = —75m,
x3=75m, x4 =300mand y; = —300m foralli =1, ..., 4. For the spatial discretization
we employ the SIP method with sixth order polynomial (with ¢p9p = 10) on a Cartesian
grid with mesh size 25 m. The time integration is carried out by using the leap-frog scheme
and fixing the time step Az = 1- 1073 s for a total observation time T = 10 s. For a
quantitative comparison, we perform a SE calculation that is used as a reference with sixth
order polynomials and a finer Cartesian grid (size 12.5 m). For a qualitative comparison a
snapshot of the displacement field is reported in Fig. 4. The vertical displacement calculated
with the SIP scheme at the four receiver locations r;,i = 1,...,4, are plotted in Fig. 5
(dashed line). The results obtained by the SE approach with polynomial degree 6 are also
reported (solid line). The agreement is very good for all phases.
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Fig. 5 Vertical displacements for the SIP (dashed) and SEM (solid) computations

material 3
T

material 5

-15
0 km 35

Fig. 6 Unstructured grid for the test case addressed in Sect. 7.4. The mesh spacing varies from 4 ~ 150 m
for material 1 to 2 &~ 1000 m for material 5. The source location Xy = (19.4, —2.7) km is indicated by a white
circle

7.4 An Application of Geophysical Intererst

Since our previous study consists of a rather simple geometry with only one interface, here
we construct a more complex situation representing a more realistic application. We consider
the computational domain 2 = (0, 35) x (0, —15) km shown in Fig. 6, that is a simplified
cross-section of the model presented in [40]. The bottom and the lateral boundaries are
set far enough from the point source (white dot in Fig. 6) so to avoid any interference of
possible reflections from non-perfectly absorbing boundaries with the waves of interest.
At the top of the model a free-surface boundary condition is imposed, i.e., on = 0. We
simulate a point source load of the form (49) applied to the point x; = (19.4, —2.7) km
with unitary amplitude. The computational domain is discretized using an unstructured grid
made by 2658 quadrilateral elements, with a mesh size varying from /2 ~ 150 m for material
1 to h &~ 1000 m for material 5. The grid spacing is chosen small enough not only to
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Table 4 Material properties used

3 -2 -2
for the computational domain in plkg/m"] A INmTE] pINm==]
Fig. 6 . 9 9

Material 1 1800 3.726 x10 0.162 x 10
Material 2 2000 4.685 x10° 0.720 x10°
Material 3 2100 5.712 x10° 1.344 x10°
Material 4 2200 5302 x10° 3.168 x10°
Material 5 2300 7.889 x10° 10.14 x10°

lul (m)

Fig. 7 Snapshots of the computed displacement field u at different time t = 2.4,4.2,5.7, 8 s. Due to the
material heterogeneities, high oscillations and perturbations of the wave front can be observed. Rayleigh waves
moving leftwards and rightwards are clearly visible on the top surface

describe with sufficient precision the physical profile of the submerged topography but also
to guarantee in the whole domain at least 5 points per wavelength with polynomial degree
equal to 4 and avoid dispersion and dissipation errors, see [4]. We assign constant material
properties within each region as described in Table 4. In Fig. 7 we report two snapshots of
the solution computed with the SIP method (with ¢gp = 10 and polynomial degree equal
to 4) coupled with the leap-frog scheme, fixing the final observation time 7 = 10 s and
time step A = 1 -10™* s. The discontinuities between the mechanical properties of the
materials produce high oscillations and perturbations on the wave front. In particular, due to
the stratigraphy of the model two trains of Rayleigh waves are generated on the surface of the
model, one moving rightwards and the other traveling leftwards with respect to projection
on the top boundary of the source location. All these complex and relevant phenomena are
well captured by the proposed method, see Fig. 7. See also [40] for a further discussion.

8 Conclusions

We have introduced a family of semidiscrete (continuous in time) discontinuous Galerkin
approximations for a linear elastodynamics problem with mixed boundary conditions. Our
presentation and analysis is made in a general setting, considering both displacement-stress
and displacement DG formulations. We have provided a rigorous stability analysis high-
lighting that (i) in presence of external forces all the DG schemes satisfy optimal a priori
discrete energy estimates; (ii) in absence of external forces displacement-stress formulations
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are fully conservative whereas displacement formulations dissipate the total discrete energy.
The stability estimates are then used to derive optimal a priori error estimates in suitable
(mesh-dependent) energy norms. The main conclusions of the numerical comparison carried
out can be summarized as follows:

(1) all the methods exhibit approximation errors that are of the same order of magnitude;
(ii) displacement methods achieve the same accuracy of displacement-stress schemes
using much (substantially) fewer degrees of freedom.

(iii) the main advantage of using displacement-stress methods with respect to displace-
ment schemes is that they guarantee the same level of accuracy in both primal and dual
variables. In fact, for the latter methods the stress tensor can be recovered only through
a post-processing phase resulting in a loss of accuracy in the approximation.

(iv) IP formulations with no extra velocity stabilization exhibit a less sever stability con-
straint than the schemes proposed in [45,47], at least when the leap-frog time integration
scheme is employed.
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Appendix: Proof of Lemma 1 and Lemma 2

In this appendix we collect the proofs of the auxiliary Lemmas 1 and 2, used in the stability
analysis.

Proof (Proof of Lemma 1) The proof goes along the same lines as in the continuous case
with subtle modifications to obtain bounds independent of /. Estimate (31) follows from the
Cauchy—Schwarz inequality together with the lower bound of the mass density (2). To show
estimate (32), we proceed similarly to get

13
/0 (cg;, 0" n)]_-év dt

Next, we notice that for each ¢ € [0, T], the map g(¢) belongs to H!Y%(I'y). The inverse
trace theorem [1] guarantees that the trace operator has a continuous right inverse operator,
say T : HY 2(I"N) —> H!Y(£2). Hence, taking into account the scaling of the parameter ¢y
and using the trace inequality (15) we have

t
—1/2 1/2
<p; /0 lgeli2.ryleso"nly e dr . (50)

2
1/2 - - 2
[ee| | = conek (D} gl S kDM gll x VF €AY F oK,
where, with an abuse of notation, we have denoted by g = Tg the extension of g. Summing
overall F € F, ]iv and using the continuity of the operator ¥ we get

2

172
€ 8

—1 2 —1 2 —1 2
wen S 2 Dillgelli x =D ligeli o <D lgeli oy D)
*h KeTy,
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Substitution of the above estimate in (50) gives (32). To prove (33), we use integration by
parts formula (8) with w = g and z = u”, together with triangle and Jensen’ inequality to

get
12 t
‘/ (g, ulﬁ);:hzv dt +/
0 0

Therefore, we only need to estimate the inner product |(g, u) F |, where the first argument

hy

< |t@o. u) | + [tg 0" (geu") oy | dr. (52)

could be either g, g or g.. Applying Holder’s inequality, the trace inequality (16) and
inequality (17) withw = F € ]-'flv gives

/ gu'ds
F

where, for any F € }',iv , K is the only element in 75 such that F C 9K. Setting now

p = (2d — 2)/d (whose conjugate is ¢ = ((2;:22))) the above inequality becomes

/ guhds
F

Notice that ¢ = oo ford = 2 and ¢ = 4 for d = 3. Using that F is a (d — 1) dimensional
object and using the continuity of the Sobolev embedding H'!(F) — L7(F), [1], we have
(2d —2)
q=—"—"—"°7""
(d—2)

h —1 h
< lgllzacm o locry < Nglzomyh™ P o

2d—2—dp
2p

—1/p d(E=1
S llgllzamh ™ PhS™ 1u  x = llgllocmh "1«

< lglzem | & (53)

lgler < llgh.r VgeH'(F),

Substituting the above bound in (53) and summing over all faces F € F, flv , gives

2 1/2
(& u") 2| Slglr, (nuhu%j,, + || T) . (54)
s4h

Applying the discrete Poincaré and Korn inequalities [8,9], and the bound in (5), we have

2

a

2
hy 2 h2 hy 2 —1/20 h -1 h
W1 7+ 'R S le@hId g+ 3 [n 1) < r!
FeFQUFp ’

Finally, substituting the above estimate in (54) yields

h -1 h
& u") 5y | Sliglh.rDr [ut|

Applying now the above estimate to each term in (52), we finally get

[

where for the last term we have also used the arithmetic geometric inequality with € > 0.
Substitution of the above estimates into (52) completes the proof. O

-1
S Dy ligolly, ry

h h
, U u s
(g0, u6) oHa

t
—1/2
(g0 g e < [ D2 Pty o] e

-1

D 2
< == lg0l r +e|u' o] .

(@), 0 (1)

@ Springer



168 J Sci Comput (2016) 68:143-170

Proof (Proof of Lemma 2) We start rewriting the second equation in (22) with T = De (u')
1D 2e@M)|[§ 7. = (e("), Deu)7, = (Ao", Deu™))7,

+exllo" ], [De")) 7 + (c22(0"n — g), De(u") m) v

("1 {Pe @) zoyrp — (W'} a—s) — (0"}, [De@)D) 7. (55)
Prior to estimate all terms on the right-hand side above, we note that Agmon’s (14) and
inverse inequalities (18), and the definition of ¢y, give

1/2 1/2
[l tpe@hl| S 1D e@lok, | De@ls| < 1D e@ ok -

(56)
Using Cauchy—Schwarz inequality and the first estimate above, the first three terms in (55)
can be bounded by

(40", De), | < 426" o 3, 1D" e 0.7,

[(e22llo 1. [De ) ) 7| 5

|estot],, . 10" 2ol x

(e220"n — ), De@ym) o | < (e’ l10” ]]uofN + lley gl = ) 1D e @ o k-

To estimate the last two terms in (55), notice that ¢;1¢o2 = O(1) since,

-1
' = (ahp D) =@ eohk DY = (@) e

Then, the Cauchy Schwarz inequality and (56) give for the fourth term

1/2

(19" 1, (De ") iz | ez}

e

h
De(u
oy 168 PEW o 5757

/20 h 1/2 h
< [elfuatn) o, 1D 2@l
0,F UF,

Analogously, the last term can be estimated using identity (13) and (56)

1/2

=" — W 1Pz | £ e ma] 1P w00,

Finally, substituting all the estimates into (55) we obtain

1/2

Jeion]

1/2
1D 2e@)lo.z; S 14Y20" 0.7, + el 101 + |

el

N N’
0,7y 0,7, 0,7,

The proof is then concluded by arguing as in the proof of (32) in Lemma 1 (using estimate

(1)

1/2 —
e /gH <D gl 2.,
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