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Abstract

We consider semi-discrete discontinuous Galerkin approximations of a general elas-
todynamics problem, in both displacement and displacement-stress formulations. We
present the stability analysis of all the methods in the natural energy norm and derive
optimal a-priori error estimates. For the displacement-stress formulation, schemes
preserving the total energy of the system are introduced and discussed. We include
some numerical experiments in three dimensions to verify the theory.

1 Introduction

Understanding the physics of earthquakes is of crucial importance for predicting their
impacts on the human and natural environment and delineating seismic risk reduction
strategies. However, to produce realistic seismic events is needed not only correct assump-
tions on the physical parameters of the model, but also numerical methods capable to
to face the typical multi-scale nature of such problems. Nowadays, despite the the great
development of High Performance Computer facilities, the representation of seismic events
is still a challenging task that present two different but fundamental difficulties: the need
for geometrical flexibility , essential when dealing with complex wave phenomena, and the
control of dissipation and dispersion errors introduced by the numerical scheme, since ac-
curate approximation of amplitude and phase of the waves gives important informations
about the interior structure and consistency of materials. These two pitfalls together with
the fact that the wavelengths of interest of a seismic event are usually small compared to
the size of the body excited, imply that a large number of unknowns is naturally involved
in the computational model. Therefore, efficiency and scalability of the numerical methods
(and suitable implementation of them) are mandatory on large parallel supercomputers in
order to keep as low as possible the computational burden. Discontinuous Galerkin (DG)
methods for elastodynamics have received lot of attention in recent years, since they ac-
count for the complexity of the geometric constraints, provide accurate solutions while



keeping the computational effort as low as possible, are naturally oriented towards paral-
lel computation, see, e.g., [27, 12, 29, 2] and the references therein.

The purpose of this paper is to design and analyze semi-discrete DG methods for a
general elastodynamic problem, considering both the displacement and the displacement-
stress formulation. So far, two main streams have been followed in the design and analysis
of DG methods: the displacement formulation and the wvelocity-stress formulation. For the
former, DG methods of Interior Penalty type, symmetric and non-symmetric, have been
proposed and analyzed in [27]. The schemes are extended to Spectral-DG methods in [2]
and to DG approximations of viscoelasticity in [26]. For the velocity-stress formulations,
the design of the DG methods follow the traditional guidelines in the construction of DG
schemes for hyperbolic conservation laws. Conservative methods based on the use of cen-
tral flux have been proposed in [13]; while non-conservative methods based on upwinding
fluxes are studied [19]. The DG method developed in [29] 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.

In this paper we introduce a fairly general family of semidiscrete discontinuous Galerkin
methods for a linear elastodynamic problem, considering DG methods for both the dis-
placement and displacement-stress formulations of the problem. The main goal is to iden-
tify the key ingredients to ensure stability for DG approximations of the general problem
with mixed boundary conditions (that are typically encountered in the seismic applica-
tions). Our stability analysis follow, as one should expect, the one for the continuous
problem. 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 [21].
Here, some extra difficulties arise in the analysis due to the discontinuous nature of the
spaces and the fact that we consider the general problem with mixed boundary condi-
tions. 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 symmetric methods, similar to those considered for wave equation in [18], but dif-
ferent from the IP schemes introduced in [27, 26, 2] for linear elastodynamics. The IP
methods considered in those works contain an extra penalization term that penalizes the
time derivative of the displacement besides the displacement itself. Such extra penaliza-
tion, whose physical meaning is completely unclear, was required to prove theoretically
the stability of the resulting methods. However, as we shall demonstrate via numerical
experiments the inclusion of such extra term in the schemes, seem to undermine the over-
all efficiency of the methods, since they impose a more restrictive condition on the time
integration. Here, we focus on symmetric IP methods, with no extra stabilization terms,
and provide stability in the natural energy norm associated to the methods.

For all the DG methods considered, optimal error estimates are derived in a standard
fashion, and the presented theory is verified throught three dimensional numerical tests.
We remark that the semidiscrete analysis that we present here, is an intermediate but fun-
damental step to derive the fully discrete stability analysis for the elastodynamics problem
(when the coupled effect of the spatial and temporal discretization is taken into account



for deriving a-priori error estimates). This is out of the scope of the paper and will be
subject for future work.

The paper is organized as follows. In in Section 2 we introduce the model problem
and revise some key results. The discrete notation is given in Section 3 and in Section 4
we introduce the family of DG methods. The stability analysis is presented in Section 5.
A priori error estimate are derived in Section 6, and numerical experiments are given in
Section 7. The paper is closed with Appendix A and Appendix B containing some tech-
nical results.

NOTATION. Throughout the paper, we use standard notation for Sobolev spaces [1].
For a bounded domain D C R?, d = 2,3, we denote by H™(D) the L2-Sobolev space of
order m > 0 and by || - ||;,,p and | - |, p the usual Sobolev norms and seminorms, respec-
tively. For m = 0, we write L?(D) instead of H°(D). The space H&I(D) is the subspace of
H'(D) of functions with zero trace on I' C dD. Due to the nature of the problem, we only
deal with vector—valued and matrix—valued functions and we use boldface type for both.
More precisely, the Sobolev spaces of vector—valued and symmetric tensor-valued functions
are denoted by H™(D) = [H™(D)]¢, and H™(D) = [Hm(D)]gerg, respectively. We will
use (-,-)p to denote the standard inner product in any of the spaces H’(D) = L2(D)
or H°(D) = £*(D). Throughout the paper C' denotes a generic positive constant that
may take different values in different places, but is always mesh independent. To avoid
the proliferation of constants, we will use the notation x < y to represent the inequality
x < Cy for a constant as before.

For time dependent functions, we take the standard approach [1] of treating these as
maps from a time interval (0,7") into a Banach space X and set

t 1/p
Wl ) = ( / uv<7>w;(d7) 0<t<T 1<p<os,
0

with the obvious modifications when p = cc.

2 Continuous problem

We consider an elastic medium occupying an open and bounded region  C R¢, d = 2,3,
with Lipschitz boundary 92 and outward normal unit vector n. The medium is in a
state of equilibrium under the influence of external forces, consisting in a volume force
f:Qx[0,T] — R? and a surface force t : 9Qx [0, 7] — R?. In linear elasticity it is possible
to express the surface force t in term of Cauchy stress tensor o : Q2 x [0,7] — S = ngxrff.
Using the Cauchy stress formula t = on, and the Gauss-Green theorem we have that

/ tdm:/ Undx:/v-ads. (1)
89 89 Q

The action of external loads induces on the body 2 a displacement vector field that will
be denoted by u: Q x [0,T] — R<.

Let the boundary 92 be composed of two disjoint portions I'p, where the displace-
ment vector u is prescribed, and 'y where an external load g applies. Assuming that



meas(I'p) > 0, the mathematical model of linear elastodynamics reads:

p(x)uy(x,t) — V- o(x,t) = f(x,1), in Q x (0,71, (2a)
Ao (x,t) — e(u(x,t)) =0 in Q x (0,77, (2b)
u(x,t) =0, onT'p x (0,71, (2¢)

o(x,t)n(x) = g(x,1), on 'y x (0,77, (2d)

w(x,0) = uy(x), in Q x {0}, (2e)

u(x,0) = up(x), in Q x {0}. (2f)

A notation explanation follows. To ease the reading here and in the following, we drop
the explicit space/time dependence on the functions. The mass density p € L>°(Q) is a
strictly positive function, i.e.,

0 < ps < p(x) <p* Vx € Q. (3)

We assume f € L2((0,T]; L2(Q)), g € C'((0,T];H?(T'y)), and suppose that the initial
conditions ug and u; for the displacement and the velocity field, respectively, are smooth
enough functions, i.e., ug € Hé,FD () and u; € L?(Q). Hereafter, we denote by (u) :
) — S the linearized strain tensor or symmetric gradient defined by

e(u) = 3 (Vu+ VuT),

or, componentwise,

Ew(u)_§<8xj+3xi> i,j=1...d.

The compliance tensor A = A(z) : S — S is a bounded, symmetric and uniformly
positive definite operator, encoding the material properties, such that

1 A

where T € R¥¢ denotes the identity operator, tr(-) stands for the trace operator

d
tr(7) = ZT” VT es,
i=1
and both the Lamé parameters \, u € L*°(2) are positive functions (isotropic case). Pro-
vided A is invertible, (4) is equivalent to the Hooke’s law o = A~ 'e = De, with
D:S—S, Dr=2ur+Mr(T)l VTES. (5)

In this case, from the properties of A, it is directly inferred that D satisfies the symmetry
properties
Dijie = Dyjige = Dijox = Dyeij Vi, j k£ =1,...d,

and that it is also bounded and positive definite, i.e., there exist D,,D* > 0 such that
0 < Du(m,7)q < (D1,7)0 <D*(r,7)q VT e R 140, (6)

To simplify the notation, in the following we will write gg = g(x,0), o9 = o(x,0) =
De(u(x,0)) = De(uy).



We next consider the variational formulation of (2a)—(2f): for all ¢ € (0, 7] find (u, o) €
H&FD(Q) x L£%(Q) such that:
(plltt, V)Q + (0-’ E(V))Q = (f’ V)Q + (g’ V)FN Vv e H(l],I‘D (Q)’ (7a)
(Ao, T)q — (e(u), 7)o =0 VT e L£iQ). (7b)
Under the above regularity assumptions the saddle problem (7a)—(7b) has a unique solution
(u,0) € Hé,FD () x £2(Q), [14], and satisfies a priori stability estimate in the energy
norm
1w, )2 = [l ?uslg o + 420 - (®)
Since ¢ = A~ le, c¢f. (2b), the last term on the right hand side can be replaced by
1D e (u)ff -
Lemma 2.1 (A priori stability estimate). Let (u, o) € C1((0,T]; H' ())x L2((0, T]; £*(2))
be the solution of (2a)—(2f). Then,
(i) If £ = g = 0, the total energy of the system is preserved in time

I(u(t), o (t)lle = [I(uo, do)fle, 0<t<T.

(i) If £ € L2((0,T}; L%(Q)) and g € C*((0,T]; HY2(T'y)), the following a priori energy
estimate holds:

l(u(t).o ()]s £ VG + /0 (b= 2UE o + g (Dlory ) dr 0 <t <T,

with
G = llgollgry + (1 +DY)(ug, 00)[2 + D' sup [Ig(t)llory -
0<t<T

being Dy, px the lower bounds on the stiffness operator D and on the mass density
given in (6) and (3), respectively.
The proof is shown in Appendix A, cf. also [14, Theorem 4.1] for the general existence
result.

Remark 2.2. Choosing 7 = e(v) in (7b) and substituting the result in (7a) it is possible
to obtain the following equivalent weak problem: for all t € (0,T] find u € H(lLFD(Q) such
that:

(pus, v)o + (De(u),e(v))a = (f,v)a + (8, V)ry vveHir, (). (9

In particular, it is possible to prove that problem (9) is well posed and that its unique
solution satisfies u € C((0,T); H} r,(©2)N C((0,T); £L*(2)).

Finally, we recall a couple of mathematical tools needed in our forthcoming analysis.

We recall the following “simplified” version of the Gronwall’s lemma, see [23] for the proof.

Lemma 2.3 (Gronwall’s lemma). Let o € L'(0,T) be a positive function, g a non negative
constant, and y a continuous non negative function in (0,T) satisfying

V(1) < g+ / p(r)y(r)dr Yt e (0,T).
0
Then Lo
y(t) < VI + 5/0 o(r)dr Vte (0,T).

Finally, for w,z regular enough, the following integration by parts formula holds

/ (w,z.;)dr = (w(t),z(t)) — (w(0),z(0)) —/ (W, z)dT. (10)
0 0



3 Notation and discrete technical tools

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

Mesh partitions. We consider a family {7;,0 < h <1} of shape-regular conforming
partitions of ) into disjoint open elements K such that Q = UKeThf, where each K € Ty,
is the image of a fixed master element I?, e, K = FK(I?), 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 the
mesh size of the partition as h = maxge7;, hx with hx = diam(K). Notice that the mesh
may contain hanging nodes. We collect all the interior (boundary, respectively) faces in the
set Fy (]:;?, respectively) and set Fj, = f,guf,?. In particular F? = ]:f]? U]:}]LV, where ]:,? =
.7:,? NT'p and .7-",]1\7 = .7-";? N I'yy contain respectively all Dirichlet and Neumann boundary
faces. Implicit in these definitions is the assumption that 7; respect the decomposition of
0f) in the sense that any F' € .7-",? belongs to the interior of exactly one of .7:,? or f,]LV )

An interior face (for d = 2, “face” means “edge”) of Ty, is defined as the (non—empty)
interior of 0K+ N 0K, where KT and K~ are two adjacent elements of 7. Similarly,
a boundary face of T} is defined as the (non-empty) interior of 0K N Q, where K is a
boundary element of T,. We also assume that for all K € Tp, and for all F' € Fj, hg < hp,
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: for any pair of ele-
ments KT and K~ sharing a (d — 1)-dimensional face hg+ ~ hg—, see [17], for example.

For s > 1, we define the broken Sobolev spaces

H*(T;) = {v € L*(Q) such that V{K eH’(K), VKeT,},
H*(Th) = {7 € L*(Q) such that 7|, € H*(K), VKEeT,}.

We will also denote by (-,-)7, and (-, )z, the L?(7;) and L?(F},) inner products, respec-
tively, and use the convention that

KeTy, FeF,

The same notation will be used for the £2(7}) and £2(F},) inner products.

Trace operators. Let F' € F be an interior face shared by two elements of T, say K
and K~ and let n™ and n~ denote the normal unit vectors on F pointing outward KT
and K, respectively. For a vector v € H!(T},) we denote by v and v~ the traces of v
on F taken within the interior of K+ and K, respectively. For 7 € £2 (Tn), 7+ and 7~
are defined analogously. For a scalar 0 € [0, 1], the weighted average of a vector v and a
tensor 7 are defined in the usual way

(VIs=0vt+(1-8)v, {rys=0rt+(1-81", VF € Fj.

Whenever § = 1/2 we neglect the subscript and simply write {-}, since the weighted average
reduces to the standard average. On boundary faces F € F?2, we set

{vi={vls=v, (r}={r}s =T



To define the jump of a vector v € H!(T}), we first define v o n = (vn? +nv?)/2, which
is nothing but the symmetric part of the tensor product v x n. Then, following [5], we set

[Vl=vifont+v-on™ VFeF, [v] =voOn VFeF. (11)

Notice that with this definition [v] is a symmetric tensor, i.e., [v] € S.
For a symmetric tensor 7 € £%(T) we define

[f]=7tn" +7 n~ VFeF,
and observe that [7] is a vector—valued function.

Denoting by ng the outward unit normal to 0K, we shall frequently use the following
identity that can be easily checked

Y (rngviex = Y (vxng,m)ox = {7} VDA + ([T {(v}# (12)

KeT, KeTh
for all 7 € £%(T;,) and for all v € H(T}). Note that it also follows
(uF {r}mF)r = ({T}s,uT onF)xr Vi€ (0,1]. (13)

The weighted average of tensors will be occasionally expressed as a linear combination
of the jump and the standard average operators. In fact, it can be checked that

(26 — 1)

{r}sn" = {r}n" + 5

[r] voelo,1] VFeF. (14)
Combining now (14) and (13), one obtains

—({u"} s — {u"}, [De(u)]) 7o = (6 — 1/2)([De(u)], (u")* — (u")7) 5o
= ({De(u")}sn" — {De(u")}n*, (u")* — (u")7) 7
= ({De(u")}s — {De(u")}, (@")* ©n" + ()" ©n7)x ,
which leads to the following identity that will be used often in this work:

—({u"}a-s) — {u"}, [De(u)]) 7 = ({De(u")}s — {De(u”)}, [u"]) 7 (15)

Remark 3.1. In [25, 2] the authors considered the following definition of the jump of
vector—valued functions,

[vl=v' xnt+v- xn~ VFeF, [v[=vxn VFeF,

which is slightly different to that given in (11) and considered here. Observe that with the
above definition, [[v] is still a tensor but it is not necessarily symmetric. Notice though,
that for any T € HY(Ty) the following identity holds

(VI AmhFy = (VD A7 h 7 -
Finite element spaces. For k > 1 we define the finite element spaces V', and 3, as

Vi={ueL?Q) : uoFyg e [MF(K)? VK eT,},
S, ={re L) : ToFxe M EK)™ VEKEeT,),



where MF¥(K) is either the space P¥(K) of polynomials of degree at most k on K, if K is
the reference d-simplex, or the space QF(K) of tensor-product polynomials on K of degree
k in each coordinate direction, if K is the unit reference hypercube in R%.

Technical tools. We recall some results that will be used in our the analysis. Agmon’s
and trace inequalities valid for any v € H'(K) read as

IVllo.r < PRHIVIE & + hrcIVIE i (16a)
hIvIE e S VIR &, (16b)

for any F € Fp,, FF C K. We will also use the LP-version of the above trace inequality,
which holds for all v € W1P(K) and reads

WPVl ey S IVIle) YF € Fry FCOK, 1<p<oo. (17)

In the above inequalities, the hidden constants are independent of the mesh size but (when
applied to discrete polynomials) might depend on the polynomial degree.

For discrete functions (scalar, vector and tensor), we will also frequently use the fol-
lowing well known inequalities (see [10] for details and proofs): let w be either an element,
an edge or a face of the decomposition 7y, and let v be a polynomial of degree k > 1 over
w, then

1_1
Moo < meas(@) 5 Wl 1<p0 <00, (18)
For any K € T, and any F' C K inverse inequality can be written as

Vimx Shie"vlsk s<m VveVy,, (19)

where the constants in (18) and (19) are independent of the mesh size but depend on the
polynomial degree k.
Notice that in (19) we have also used the inverse inequality.

4 Discontinuous Galerkin approximations

In this section, we introduce the family of semidiscrete DG approximations to (2a)—(2f)
that we consider in this work.

The derivation of the methods follows closely [4], but with a slight difference when intro-
ducing the schemes for the displacement formulation. We start by considering a general
variational formulation for DG methods: Find (u®, ") € C2([0,T); V) x C°([0,T); =)
such that

()7, + (0" W) = (@) WD, — ) VD = €V WveVi
(A" 77, = (). 7)7; = (B} [r]) sy = ([ - W'l {r})s =0 ¥ e X,

where (u,o) := (ﬁ(uh,oh),&(uh,oh)) : (Hl('ﬁl) X ’?{1('771))2 — (LQ(]:h),C2(]:h)) are
the numerical fluxes that will be defined later on and identify the corresponding DG
method. On boundary faces F' € ]:;? we always define the numerical fluxes according to
the boundary conditions (2c)-(2d):

—CQQ(O'hn—g) on FE}";]LV7

0 on FeFP, d=u
o n=g on F e Fp.

u
on=oc"n—cyu onFe]:,?, i



Here, c¢11 and cg2 are functions (possibly equal to zero) that we will choose later on. Then,
the DG formulation becomes: Find (u”,a") € C2([0,T]; V') x C°([0,T); ) such that

(ol ), + (0", (V)7 — (&1 [VDzg — (1] (v (200)
+ (enu, v) o — (0", v) 20 = (£,v)7, + (8. V) 5 Vv eV,

(Ao, 7)7, = (e("),7) 7 — ({G —u"}, [])zp — ([0 - u"], {7}) 5 (20b)
+ ([u"], {T}>;}? + (coz(o"m — g),‘Tn>]:}]L\f =0 V1 eX.

4.1 DG methods for the displacement-stress formulation

We present now several methods for approximating the displacement-stress formulation,
by selecting different choices of the numerical fluxes in (20). We restrict our attention to
methods for which the numerical fluxes u and & are singled valued. As a consequence
[u] = 0 and [&] = 0 on internal faces.

Now, in analogy with the method introduced in [8] for second order elliptic problems, the
full DG (FDG) approximation is characterized by the choices

i={u"}1_s —enlo"], 7={o"}s—cuu"], Ferp, (21)

where
Cc11 = ClhEIkQ{D} Coo = CQth‘72{D}71 F e ]:;; (22)

Here ¢1,c9 > 0 are constants (sometimes required to be strictly positive). On boundary
faces, c11 and cgy are defined accordingly. Substituting (21) into (20), we get:

(puty, V)7, + (6", e(v))7, — {"}s, [V]) 7o + (cua[u"], [V]) 7o

+ <c11uhvv>}'hD - <0'hnvv>]-'hD = (f7v)771 + <g,V>]:}IlV VveVy,
(Aa", )7, = ("), 7)7, — ({u"}ag) — (0"}, [7]) 7 + (caao"], [7]) 5

+ ([u], {T}>]_—ZUJ_—hD + (coz(o"n — g),Tn>]_—}Jl\r =0 VT e X
(23)

Special cases are the local discontinuous Galerkin (LDG) method and the alternating

choice of flures (ALT) methods. The former is characterized by setting coo = 0, whereas

the latter by cos = c;3 =0 and § =1 or § = 0. For § = 1 the numerical fluxes become
i=(u")", = (cM". (24)

This choice has been frequently used to design DG approximation for time dependent
problems with high order derivatives [9, 30]. To our knowledge, the ALT method has
never been considered for the elastodynamics problem. In the next section, we will show
that stability for this method can be guaranteed only in the case of Dirichlet-type boundary
conditions (or periodic boundary conditions, generally used in [9, 30], but not realistic in
the present context).

4.2 DG methods for the displacement formulation

We now consider DG methods in displacement formulation that could be regarded as a
direct approximation to (9), and so only the displacement u is discretized. To obtain the
variational formulation starting from (20), the numerical flux & is defined as a function of
u” only, and the discrete stress tensor o” is eliminated (by setting T = De(v) in (20b) and



combining the resulting equation with (20a)). To allow for such elimination, is implicitly
assumed that the finite element spaces (V, Xj) are such that e(V,) C Xy,.

The definition of the numerical fluxes on boundary faces has to be modified taking
into account that o’'n = De(u")n on F? (and ca2 = 0 now). Hence, we have:

u=20 onFeFP, td=u" onFeF),
n n=

u
on="De(u")n-Spu" on FeFP & g onFeF,
where, to be consistent, we have replaced the parameter c11 by Sz, which plays the same
role and scales in the same way (see below for its precise definition), but, differently from
c11, will undergo to a technical restriction.
For ¢ € [0, 1], we specify & as follows

R {De(u")}s — Sp[u"] Fe F?,
I s L " (25)
De(u") — Spu'n FeF,
where
Sr = coohp k*{D} VF e FJUFP, (26)

and cqq is a strictly positive constant that has to be chosen sufficiently large, see below.
By setting now 7 = De(v) € Xy, in the (20b) we find for all v € Vj:

(Ac" . De(v))7, = ((u"), De(v))7, + ({6 — u"}, [De(v)])7p + ([6 — u"], {De(v)}) 5o 5o
Since A is symmetric and positive definite it holds
(Ac", De(v))7, = (", A De(v))7, = (", (V). Vv e Vi,
and so,
(" e(v))7, = (e(u"), De(v))7; + ({fi — "}, [De(v)])7; + (I8 — "] {De(V)}) 5y 2.

Combining now the above equation together with (20a) and the definition of numerical
flux & given in (25), we finally get the following formulation: Find u” € C2%([0,T]; V'3)
such that

(ol V), + (£(u"), De(v)), + (i — u'}, [Pe(v)])
+([a - u"], {Pe(V)}Hrourr - ({De(u)}s, VD 7o u7p
+ (P, VD) s = (V)7 + (8 V)EN,  YVEVY,
which corresponds to the family of classical Interior Penalty (IP) methods. We focus

on the symmetric IP, but for completeness we describe the corresponding non-symmetric
version.

Weighted symmetric interior penalty method.

Following [28], to obtain the weighted Symmetric Interior Penalty method (SIP(d)) we
define
a={u"}_s V5 el0,1].

For 6 = 1/2, i = {u"}, we get the classical Symmetric Interior Penalty (SIP) method [3].

10



Non-symmetric and incomplete interior penalty methods.

We take 6 = 1/2 and define the numerical flux as

i= (o) + U

where ng is the outward unit normal vector to the element K € 7T,. For 8 = 1,0 we
obtain the Non-symmetric Interior Penalty (NIP) and Incomplete Interior Penalty (IIP)
methods, respectively. Observe that for 8 # —1, the numerical flux is not singled valued.
Indeed, as [ng] = 2, it can be easily checked that [u] = (1 + 6)[u”].

Notice that all the IP schemes can be recast in the following variational formulation:
Find u” € C%([0,T]; V') such that

(pul,v)7, +a(u,v) = (f,v)7, + (8 V)ry VveEV (27)

with € defined as before, and a(-,-) : V), x V;, — R given by

a(w,v) = ((u"), De(v))7; — ({De(w)}s. [v]) 5 2
+0(IW]. {De()}s) ro 70 + (SEIWL [VD) 7o 0 (28)

In [25, 2] the authors consider a variant of the above DG discretization; namely
(Pu% V)Th + a(uh7 V) + <CF[[u?]]7 [[V]]>]-'ﬁ U]—'hD' = (f7 V)Th + <g7 V>.7-',]LV VveVy. (29)

The extra stabilization term, which has no physical meaning, is required for ensuring (at
the theoretical level) the stability of the methods. However as we will demonstrate via
numerical experiments, the presence of such term might degrade the overall performance
of numerical methods (see Section 7).

5 Stability

The main goal of this section is to prove stability in the natural energy norm induced by
the DG methods described in Section 4. We first introduce some notation and state the
main stability results for both displacement-stress and displacement formulations. After
discussing these results, we carry out their proofs.

For the DG methods in displacement-stress formulation (23) we define the energy norm

h _h h h 1/2¢ R 1/2¢ _h
(", ™2 aa = 22 ul 7+ 1A 7, 411 [0 115 oo+ le2s’ 10" I 2oz -

(30)
for all (uh7 O'h) € Vi, xXy,,. For the LDG and ALT methods, one needs to set above cog = 0
and c1; = c99 = 0, respectively. For the DG methods in displacement formulation, the
energy norm is defined as

1/2
"2 1 = [0t |3 7, + DY 2e ()| 7, + 18¥ [W15 £oupp V" €V (31)

For further use, we also define the norm

~1/2
[o"l2 = 1D e+ D0 DYk P p- (32)
FeFpUFpP
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The main results of this section are contained in the following two propositions. Since the
results and their proofs differ slightly for displacement-stress and displacement formula-
tions, we have chosen to state these results separately.

Proposition 5.1. Let (u", ") € V), x ), be the approzimate solution obtained with any
of the DG methods for the displacement-stress formulation introduced in Section 4.1.

(i) In the absence of external forces, i.e., f =g =0, FDG, LDG and ALT methods are
fully conservative:

I (2), ™ () lle.upe = I (ug, 06)lleupg, 0 <t <T.

(ii) If £ € L2((0,T);L2(2)) and 0Q = Tp, the FDG, LDG and ALT methods satisfy the
following a priori discrete energy estimate:

t
(" (), o) le.uupe S (0l o)l ipe + T /0 o PIE() oadr 0<t<T.

(iii) If f € L*((0,T);L?(Q)) and g € CY((0,T);H (T'y)), the FDG and LDG methods
satisfy the following a priori discrete energy estimate: for all0 <t <T

I (6). 0" (1) 706 S V/Garpe + T / (r7 21D llo0 + D lgr (7)) dr.

where g, denotes the time derivative of g and

t
Gupe = H(uff,03)H%,MDGJrD;l(HgoHirNJrOiltlgT Hg(t)H?,rN)JrT/O D gr iy llgllijary dr -

For the IP(0) method, the stability result reads as follows.

Proposition 5.2. Let u® € V', be the approzimate solution obtained with the SIP(4)
method introduced in Section 4.2. Moreover, suppose that the penalty parameter cop ap-
pearing in the definition of the penalty function (26) is chosen large enough. Then,

(i) In the absence of external forces, i.e., f =g =0,

" ®)lle.1p S luglle e, 0 <t<T;
(ii) If £ € L2((0,T); L2()) and g € C1((0,T); H (T y)), then

t
" @)12.1p < VGip+ T/O (o IE(M)llo. + llgr(T)lliry) dr 0<t<T,

where
Gip= HugH?S,IP +D; ! sup Hg(t)”irlv + Da«_ngoHiFN-
0<t<T

We next discuss the stability results, putting them also in context with previous anal-
ysis.
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(i) In the case of boundary conditions of mixed type, we note that Proposition 5.1 and
Proposition 5.2 require further regularity on the traction boundary data g compared
the one required for the continuous problem. Whether this is a technical restriction
due to an artifact of our proof or really needed to ensure stability of the methods is
not clear at the present time but will be subject of future research. The restriction
comes into play from the proof of Lemma 5.3, see below, although such proof try to
mimic the corresponding one for the continuous problem.

(ii) For displacement formulation, our analysis applies to symmetric IP; it does not cover
the non-symmetric NIP (§ = 1) and IIP (6 = 0) methods, cf. Section 4.2, but also
seem to indicate they are not the most natural option to discretize this problem.
The nonsymmetry of the bilinear form a(-,-) precludes for showing stability with the
present analysis. In [25, 2] the authors consider the variant of the IP discretization
described in (29) with an extra stabilization term that penalizes the time derivative
of the displacement. The physical meaning of such extra penalization is unclear,
but allows for carrying out the proof of stability. However, such artifact seems to
degrade the overall performance of numerical methods (see Section 7).

We next state two auxiliary results that will be required to prove Propositions 5.1 and
5.2: their proofs are given in Appendix B.

Lemma 5.3. Let f € L*((0,T];L%*(Q)) and g € CY((0,T]; HY/?(T'y)). Let (u*, ") €
Vi, x Xy, be the DG approximation to the solution (u,o) of problem (2a)—(2f) obtained
with any of the DG methods introduced in Section 4. Then, the following bounds hold:

t t
/0 (£(), w}(7))7; dr| < t/o o= 2IE () ool >k (7)lo,7, dr (33)

t t
—1/2 1/2
[ enerotnigy dr| St [ DI (Dllary el (Dl rpdr (34

where cog is defined as in (22) and Dy, p. are given in (6) and (3), respectively. Further-
more, if g € C1((0, T); HY(T'x)), then for any € > 0, it holds

-1
< el ()2 + D2 2 b o lgoll ey + —— g2,

| &) ubg i

t
i /0 DI (Mllnry [0 (7)o dr. (35)

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 proof of Proposition 5.1.

Lemma 5.4. Let f € L?((0,T];L%(Q)) and g € CY((0,T]; HY?(T'y)). Let (u",o") €
Vi, x Xy, be the approximate solution to (2a)-(2f) obtained with the FDG or the LDG
methods introduced in Section 4.1. Then, the following bound holds:

1/2 1/2 _
D26 o7 S 420" 0,75, + i [0 llo,7; + s [o" Wlo x + D5 gl o,y (36)

where Dy is the lower bound on the stiffness operator D as given in (6). For the LDG
method the last two terms on the right hand side are not present in the bound.

13



5.1 Proof of Proposition 5.1

Proof of Proposition 5.1. We mimic the proof of the stability result for the continuous
problem.

Step 1. We take v = ul' € V', as test function in the first equation of (20a) and use that
[e] = 0, to obtain

(pulh )7, + (" ()7, — (B} [l 70 = (E0f)g + (@oul) v (37)

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

(Ao, 7)7, + (e(up), 7) 7, + ({8 — ut}, [T]zp + ([G — ] {m}) o 2p
+ (ca(oyn — gr), Tm)zv =0

for all 7 € X}, where the numerical flux u; is defined according to the definition of u. In
particular on boundary faces we have u; = 0, mimicking the boundary condition for (61),
U; = 0 on I'p. By setting 7 = o” in the above equation, and using that [t;] = 0 we get,

(Aot o)z, = (e(uy), ™)z, — ({U — uf}, [on]) 5 + (] {o" D) ro 0 20
+ (CQQU?, ol n>]_—,11\r = (coogy, o n>flev. (38)
Step 3. Summing up the equations (37) and (38), we have

(puly )7, + (At o™)g + Q= (F.ul)y, + (g ul) o + (congr o™ m) sy, (39)
where Q is defined by
Q=—({o}, [[u?]b]-'gu]-'}? + ([[u?]], {Uh}>fguff — ({ue - uf}}, [[O'h]]>.Fg + <C220'?70'h>f;y-

(40)
Equation (39) is then equivalent to

S (I By + 1A B ) + @ = (£l + ) + (om0 m) s (1)

We first study the case (i), i.e., f = g = 0. Then, we claim, that 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 (40) the definition of the
fluxes (21) for the FDG methods, Q becomes

QFPG = —({o"}s — {o"}. [T 2o £p + (crn 0], [0f) 7o,

+({uf} = {ut}is, [0" D) rp + (e2loy [ [0" ) 7y + (20, ") v

Thanks to the definition of the average operator on boundary edges/faces and the identity
(15), we have

({o"}s —{o" L D) o v p = ({ul} — {ufhios. [0"]) 7, (42)
and therefore

d 1/2 12
QFDG _ = (HC / [u h]]”g]:"uJ-'D + ||coh / lo h]]”?),fgufé\’) . (43)

N |
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For the LDG (co2 = 0) and the ALT (c;; = c22 = 0) methods the above expression
reduces to

1d
LDG _ 1/2p hyy2 ALT _
Q1P = 2T pyyirp QM .
Therefore, for all the considered methods, the corresponding discrete energy as defined in
(30) is preserved in time, which proves part (i) of the thesis.

Next we deal with the cases f # 0, I'p = 002 and f,g # 0. For the former case, by
using estimate (33) from Lemma 5.3, we find

t
—-1/2
([ DIEIERS H(u'S,USL)H%,MDGJr?t/O px 2 IEll0.0ll 0" 2ullo 7. dr,

which together with the definition (30), t < T and a standard application of Gronwall’s
Lemma (cf. Lemma 2.3) gives the result and proves part (ii).

We finally show part (73i). We restrict ourselves to the FDG formulation; the corre-
sponding estimate for the LDG can be obtained by setting ca2 = 0. Substituting (43) into
(41) gives

1d h h /27 h 1/2r _h
57 (02l 3 7 + 1420 3 72+ et [ 2 oo + N T E 2oy )
= (f7 u?)Th + <g7 u?>]~'}1\7 + <C22gt7 o'h n>]~'}LV' (44)
Recalling now the definition of the || - ||¢ Mmpg-norm (30), and integrating in time we get

_l’_

1 1 t t
310" 0O Barwe < oD B + | [ (€, ar| 4| [ gt sy ar
Y I

II

_l’_

)

¢
/ (Coogr, o n) zn dr
0 h

IIT

where the last term is only present for the FDG method. The terms I and III are readily
estimated by using Lemma 5.3

t t
—1/2 —1/2 1/2
1<t /O P 2 I loqllo 20l o 7, dr, TIT St /O D; 2l jory less o nllg sy dr -

To estimate the term II, from Lemma 5.3 we first have
h2 h D!
ILS elu[ly + [[ugllallgolliry +—

t
—1/2 h
eyt [ Dy '

with € > 0 (to be specified later on). Now, to bound ||u”||, in terms of the ||(u”, )]s Mpc
norm, we use estimate (36) from Lemma 5.4, to get

h ho_h -
[u" 12 < Cu(||(u", 6") |2 \pe + Ds 1||g||%/2,FN),

and so the estimate for II becomes,

ho_hy|2 h Do 10012
* _
LS eCnll(u®, ™)llg mpa + g lallgolliry + ———lgliry +eCuD. gl 2y

t t
—~1/2 —
+t/ D; " IIngll,rNH(uh,ah)lls,MDGdT+t/ D; lgr oy ligll/zry dr
0 0
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Substituting all the above estimates, recalling the definition of the || - ||¢ Mpg norm, using
standard Sobolev’ imbeddings and taking € so that 1/2 — Cfye is positive, gives

—~1/2 —
I "2 s S 11, o) 12 e + s [uf lallgolliry + D2 gl r,
t t
_ —1/2 —1/2
#t [ D grlrylgliry drtt [ (o218 los+ D2y ) I, o) e dr.
0 0

Finally, using t < T and a standard application of Gronwall’s Lemma gives the estimate
in part (iii) and concludes the proof. O

5.2 Proof of Proposition 5.2
We first observe that, for any F' € 77 U FP, and any w,v € V},, the Cauchy-Schwarz,

Agmon (16a) and inverse (19) inequalities give

1 1/2 1
[{({Pe(w)}s, [V rl < C—mHDWE(W)Ho,KHSF/ [VIIIG » < oo W lle e llvile (45)
where cgp is the positive parameter appearing in the definition of the penalty function
(26).

Proof of Proposition 5.2. The proof follows the same ideas of the proof of stability in the
continuous case, but now we work directly with the displacement variational formulation.
Step 1. We set v =ul € V}, and § = —1 (SIPG(6)-method) in (27) to get

57 (0210 ~2({Pe(u)}s, W' D) sy 0 pp ) = (F )y + @oul) ey (46)

Step 2. Integrating in time the above equation we obtain
h h h h
W20 — 2({De(u)}s, [9"]) sy 7 = 011210
¢

— 2({De(uh)}s. [ ryup +2 [ (Euhdr+2 [ gl ar. @)

To guarantee stability we first need to show that the sum of the terms on the right hand
side is an upper bound for [[u”|% ;p. Using (45), the arithmetic-geometric inequality and
choosing the penalty parameter cgg sufficiently large, we obtain

h h h h
12 1o = 2({De(@")}s, [0"]) 7o 20 2 0”12 1p-
Using (45) we also obtain
G 12 1p — 2({De(ug)}s, [" (O 7 v 72 < UGz -
h h

Substitution now of these two estimates into (47), gives

t t
h h h h
o e S bl + [ () dr+ [ (gl s dr

Then, in case of no external forces, i.e., f = g = 0 (the last two integrals above would
vanish) the above estimate yield to part (i) of the thesis. As regards part (7i), Lemma 5.3
and the inequality [[u”(|, < |[u”||s1p, give for € >0

D—l
h h h h
[u"|Z1p S ellu”|Z e + [[uglZ e + [[ugllallgollry + %Ilgllim

t
_ —1/2
[ (01800 + D ey ) e dr.
0
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Therefore choosing € small enough and ¢t < T we obtain

h h h _
(210 S gl e + ugllallgollry + D gl ey

t
_ —1/2
+7 [ (62 18l0+ DT el ) [ e dr,
0

and the proof is complete after a standard application of Gronwall’s Lemma 2.3. U

6 Error Analysis

In this section we derive a priori error estimates for the DG methods introduced in Sec-
tion 4. To this aim, we introduce the following augment norms

v, @)1 s = 1) E aipe + 13 {0 bal12 roorp ¥ (v,0) € HY(Ti) x HI(Ta),

1/2
Ve = Ve + 1B DeW)al oo ¥V € HA(TR),
where ||(-,-)||e,Mmpg and || - || 1p are defined in (30) and (31), respectively.

For any u € H**1(K) (resp. o € H*(K)), k > 0, let u’ (resp. o) be the Lagrange
nodal interpolants of u (resp. o). Then, using standard interpolation estimates, it holds

1/2
l(u—u! o —o)lemme S h* (ulfiig+hloRag+ R wliag) . (48a)
1/2
e =’ [le e < B (Julfyro + PP wiliiio) (48b)
1DV 2e(u —ul)[lo7 < WFulipre, (48¢)

where the hidden constants depend on the polynomial degree k, D, D*, p*, and the shape
regularity constant of the mesh 7j,.

6.1 DG methods for the displacement-stress formulations

We now present the error analysis of the displacement-stress DG methods. To derive the
error equations, we first need the variational formulation for the continuous solution (u, o)
of (2a)—(2f) allowing for test functions in (V'},, 3},), that reads as follows: for all ¢ € (0,7
find (u,o) € Htl),FD(Q) x L£2(Q) such that

(pue, V)7, + (0,e(V))7 — ({o}s, VD rgurp = EV)7 + &8 Vigy,  VveVy,

(49a)
(Ao, 7)7,, = (e(u), 7)7, — {uta—s), [T]) 7 + {uh, [7]h 7 =0, VT €y, (49b)
where to obtain last equation we have used that [u] = 0 on F7 , so that
20 -1 _ 20 -1 _
0= 5 (th—7 ,[[11]]>F;; = T<u+—u ,[[T]]>F;; = —<{u}(1—5), [[T]]>F;;+<{u}, [[T]]>fg .

We define the error:
(e%,e’) = (u—u",o—0oh).

Subtracting from (49a)-(49b) the corresponding equations of the DG formulation in (23),
and using that [o] = [u] = 0 on F} together with the boundary conditions for the
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continuous solution (2¢)-(2d) (u = 0 on FP and on = g on F}¥), we obtain the error
equations:

(p(el). V)7, + (7, e(¥))7; — (e}, [VD) ponzp + (enle®]. WD) o =0, (50)

(A(”). 7)1, — (e(€®), 77, + (eaale” L, [ rpor + ([ {7 o) pourp =0, (50D)
where in last equation we have used (42).

The error analysis will mimic the stability proof, therefore we will also need to consider

the variational formulation of the time derivative of equation (2b) allowing 7 € ¥;,. B
using the identity (15), we obtain

(Ao'tﬂ-)Th - (E(ut)ﬂ-)'rh + <C22 [[Ut]]7 [[T]]>}'}‘ZU.F}]LV + <[[ut]]7 {T}5>F}‘L’U}'}1D = <C22gt77-n>]:}]t\’
(51)
for all 7 € X;. We now state the first main result of this section.

Theorem 6.1. Let (u,0) be the solution of (2a)—(2f), and let (u* ") € V} x By, be
the solution of any of the DG method in displacement-stress formulations defined in Sec-
tion 4.1. Then,

sup_[|(u(t) —u"(t),0(t) — " (1) |le.mpc <
0<t<T

1/2
W osup (U410 + 121010+ W (0)]ke0)
0<t<T

T
1/2
+h* /0 (a1 + B0 () B0 + s ()lge) ' dr

T
1/2
+ht /O ([ur (M 110 + B2 o7 () Fin0 + W pr (ki) dr. (52)
where the hidden constant depends on Dy, D*, p*, the polynomial degree k, the shape
reqularity constant of the mesh Ty, and has linear dependence on the observation time T.

Proof. The proof follows the proof of the stability result given in Proposition 5.1. We
start by considering the splitting e = w! — w" and e = ¢! — ¢" with

wi=u—ul, Wr=u"-u, ¢=0c-0!, =0c"-0o (53)
We set v = w]' € Vj, in the error equation (50a) obtaining

(p(efh). i), + (%, e(@))7, — ({e” s [l D) rourp + (ena[e]. [w}]) rourp = 0. (54)

For the second error equation, we reason as in the proof of Proposition 5.1 (step II)
and subtract from (51) its corresponding discrete approximation and take 7 = ¢h

(A(ef), €")7, — (e(e}), €M7, + (cale? ] [€"D) ooy + ([el]. {€"Y) rourp = 0. (55)

Summing up equation (54) and (55) and using the splitting (53) we obtain

(P(Wg)aw?)ﬁ + (A(E?)aﬁh)ﬁ + (Cll[[wh]], [[w?]b}'gu]-'hD
+(c22[€T. [€"]) roury = (p(wi), wi) T, + (A& €7
+ <022[[5f]]a [[Eh]]ﬁ;;uf;f + ([[th]L {Eh}6>fguff - (E(wlfl)7£h)77z

+ (& e@!) 7 — (6" s [wiD zpurp + (enw’] [wiD) zourp
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Notice that the terms on the left hand side are just the time derivative of the ||(w", £") 1 Mpas
and therefore

d
5 @2 rpe = (p(eh), w7+ (AED, €1V +Henll], 16D rpumy — (e, €1,

+ (cu[[wl]], [[w?]bfgu}‘,? - <{£I}6a [[wt]]>}‘°U}‘D + ([[“’t]] {5 }6>]-‘0U]-‘D + (EI e(w ?))7—}1
Integration in time together with w”(0) = £"(0) = 0, and the norm equivalence in V7, x X,

l(w", MIIZ ppe S 1" EMIZMpa S [Tl + |T2| + T3] + [ Ta] + |T5],

where

1= [ {0l o + (A€ €5 + (enl€l] (€ sy — (). €5} dr
0

T = /0 (e [w!] dr, [[w’ﬁ]]);zuf}? dr = (e [w'], [[wh]bfguf,? _ /0 (er1[w!], [[wh]]>]-'ﬁu}‘hD dr,
b ‘/o {es, Wil ppurp dr = —({€" ), [w") mpup + / ({€1s, [W"]) spuep d,
Ty = _/0 <[[wﬂ]’ {Eh}6>]-'ﬁu}‘hD dr,

¢ ¢
1 = [ (€ e@hr dr = (€ e, - [ (€ e dn
0 0
where for Ty , T3 and T3 we have also employed the integration by parts formula (10). To

estimate 77 we use Jensen and Cauchy-Schwarz inequalities together with the definition
of the norm || - |¢ MpG

t
Ty| < t/o (\H(wﬁ,éﬁ)H!g,MDG + HDl/Qe(wﬁ)Ho,Th) ll(w", €M llempa dr-

The estimate of Ty follows easily from Jensen and Cauchy-Schwarz inequalities, the defi-
nition of ¢;; in (22), Agmon’s inequality, and inverse inequality

1/2 h 1/2 1/2 ¢h
S ¢ [ el rpurplient €l s dr S ¢ [ 120l rurp 14 2€ o dr
Next, we observe that 15 , 73 and T5 can be estimated using Jensen and Cauchy-Schwarz

inequalities together with the arithmetic-geometric inequality with some ¢ > 0 to be chosen
later on. For 75 and T5 one immediately gets,

1 t
I T5| < el DY ?e(w")ll5 7, + —HAWﬁIHg,Th + t/ A€ o, 7, 1D e (@) |07, dr

1/2r & 1/2 1/2 h
T3] 5 ellelf 12 o + et TR e + 1 / e}l o reurp et i o rourp dr -

For T3 we proceed as before and also recall the definition of c¢q;

1/2 1/2
T3] 5 et 12 ryoirp + <IAY2E IR 7 + 0 / 1422 o7 €31 [w" o spuep -
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By collecting all previous estimates, and recalling the definition of the || - ||¢ Mpc norm
we obtain

1/2
e € inc < € (k101G sy p + 1P 22()Er; )
1 1/2
+ L (a2 7, + 1P IR )
t
+t/0 (H|(W7I—a£7l—)|”5,MDG + \|D1/25(w£)\|0’7-h> (H|(“’h’£h)”|£,MDG n ||D1/2€(wh)”07771> .
(56)

To conclude we need to bound the norm ||DY2e(w)||o7, in terms of [|(w”, €")||e Mpa-
Here, we use the (second) error equation: by setting 7 = De(w") in (50b) we have:

ID2e(w™) 5 7, = (e(w), De(w™))7;, — (A(e?), De(w™)) 7,
+ (c22[e7], [[DE(Wh)]nguf;LV + ([e"], {Ds(wh)}6>fguf,?'

Then, the Cauchy Schwarz inequality, the definition (22) of the parameters ci; and ca9,
and reasoning as in the proof of Lemma 5.4, give

ID (@) 0.7, S DY 2e(@)llo, + 1AV 0.7 + 610 [ o pouzp + €35 1€ Mo roury
+ A28 0,75 + ler [ Tl rpurp + e’ 1€ o, 2oz
< 1D 2e(whllo;7 + (@’ €)llenna + (", €")llenpa-
Using the previous estimate in (56) and choosing € so that 1 — C'e > 0 gives
Iw", €2 ape < 1w, €12 ape + P ?e(w@)I5 7,

t
+ /0 (L €Dllema + 11Dl o7, ) (1", €Nlleame + 1D 2e(@)llo7 ) dr

t
+ /0 (I1wk, €D lleama + DY@ o7, ) (", €Mlle e dr.

Using now t < T and Gronwall’s Lemma 2.3, we obtain

(", €")lleppe S VG + T/Ot(\\!(wﬁaﬁﬁ)!ﬂe,MDG + DY ?e(w])llo.7) dr,
where
G = l(w’, &N mpe + 1D e(@h3 7,
T
+ T/O I, &DlIE mpe + 1P ?e(@hI 7, + @, €D IE Mpe + P ?e(whIIE 7, dr-

The proof is complete using interpolation estimates (48a) and (48c) and taking the supre-
mum over ¢ € (0,7]. O

6.2 DG methods for the displacement formulation

The displacement variational formulation for the continuous solution u allowing for dis-
continuous test functions can be written as:

(puse, v)7, + (e(u), De(v))7, — {DPe(W)ls, [V rouzp = (£,9)7, + (8 W) zy, Vv eV,

20



where we have used (12) and that [De(u)] = 0. The error equation is obtained by
subtracting (27) from the above equation, using that [u] = 0 on F € F,’ U FP and
recalling the definition of af(-,-):

(peit, V)7, +a(e",v) =0  VveVy, (57)

where e* = u — u”.

Before stating the main theorem of this section, we observe that with standard argu-
ments it can be proved

la(v,w)| S IVllallWlla S IVllewpliwller Vv, w e B(Ty), (58)
where || - ||, is defined as in (31).

Theorem 6.2. Let u be the solution of (2a)-(2f), and let u* € V', be the approzimated
solution obtained with the SIP(§) method defined in Section 5. Assume that the penalty
parameter cog appearing in (26) is large enough. Then,

1/2
sup_[Ju(t) —u"(#)|le.p S B* sup (Ju(t)[iir0+ 0w (0)F110)
o<t<T 0<t<T
T
1/2
+ hE /0 (‘uT(T)’erl,Q + h2!uw(7)\i+m) dr, (59)

where the hidden constant depends on the polynomial degree k, D*, p*, the shape regularity
constant of the mesh Ty, and depens linearly on the time T.

Proof. Writing e" = w! — w" = (u—u!) — (u* —ul),

e'=wl —wh=(u-ul)- (W -ul),
the triangle inequality gives

la =" flee < [lw’lep + o llee.

It is enough to estimate [|w”||¢ p since the other term can be bounded by the interpolation
estimates (48b). We follow the stability proof and observe that the error equation (57)

becomes
(pw?t,v)Th + a(wh,v) = (pw{t,v)Th + a(wl,v) VYvevV,.

By setting v = w!, we have

1d

2dt ("2 10 = 2([0"] {De(@")s) o 70 ) = (pofys o} + (e, wf)

Notice that the right hand side is exactly in the form of (46) with v;, = w” (see proof of
Proposition 5.2). Integrating in time between 0 and ¢ and using that w”(0) = 0, we get

t t
h I h I h
oo 1215 < / (pelys oty dr + /0 a(w!,wh) dr

0
t t
St/o " 2wl llo.7 o' 2w o, d7+a(wl,wh)—/0 a(wi,w")dr,

where in the last step we have used Jensen and Cauchy-Schwarz inequalities for the first
term and formula (10) with w = w’ and z = w", together with w"(0) = 0 for the second
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one. Using continuity of a(,-), see (58), and the arithmetic geometric inequality with
e > 0, we obtain

1 t
(1= Collw"[E e S llwIZm + t/o I e e llw” lle 1 dr.

Choosing € small enough, using ¢ < T and applying Gronwall’s Lemma 2.3, we get

t
" lexp < llw’ lee + T/O I e 1p dr .

The proof is concluded by using the interpolation estimates (48b) and taking the supremum
over t € (0,T].
O

7 Numerical results

To conclude our analysis we present some numerical results obtained with the DG spectral
element code SPEED (http://mox.polimi.it/it/progetti/speed), cf. [22], where the
fully discrete solution is recovered by coupling our semidiscrete formulation with the second
order accurate explicit leap-frog time integration scheme.

We start showing a test case confirming the (optimal) theoretical convergence rates
shown in Section 6. For brevity, we only report the results obtained with the SIP(0)
method with § = 1/2, cf. Section 4.2, but similar results can be obtained with the NIP
and IIP methods in (27).

We solve a wave propagation problem in Q = (0,1)3, set the Lamé parameters A, u
and the mass density p equal to 1, and choose f such that problem (2a)—(2f) features the
exact solution

— sin?(7x) sin(27y) sin(272)
u(x,t) = sin(3t) sin(27x) sin?(7y) sin(272)
sin(27z) sin(27y) sin?(72)

The Dirichlet boundary conditions on the whole 9€, the initial displacement ug, and ini-
tial velocity u; are set accordingly. We consider a Cartesian decomposition of the domain €2
and define four levels of refinements, corresponding to mesh sizes 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 (resp.
k = 1). The simulations have been carried out for a time interval [0,10], using a time
step At = 1-107°. Notice that a so small time step together with the smooth tempo-
ral behavior of u, guarantee that the temporal component of the error does not affect
the spatial component. The IP energy norm has been evaluated at each discrete time
tn = to+nAt, for n = 1,...,10° so that the norm maxg<s, <7 ||(u—u")(t,)| e 1p represents
a good approximation of the norm in Theorem 6.2. Since high order spatial approximation
of elastodynamics problems have been previously addressed in the context of spectral or
spectral element methods (with continuous polynomial matching across interelements), cf.
[24, 11, 16, 15, 20], for completeness, we therefore compare the numerical results obtained
with the SIP(§) method to the analogous ones obtained with the spectral element method
(SEM). For the SE approximation the spatial error has been evaluated using the energy
norm defined in (31), obviously neglecting the last term.

In Figure 1 we show the computed error as a function of the mesh size h for different
polynomial approximation degrees k = 1,2, 3, 4; the corresponding computed convergence
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Figure 1: Computed energy error versus the mesh size h, for different polynomial approx-
imation degrees k = 1,2,3,4 (loglog scale).

Table 1: Computed convergence rates for different polynomial approximation degrees
k=1,2,3,4.

k

method 1 2 3 4
SIP(6) | 1.1212 | 2.1157 | 2.8478 | 3.7973
SEM 0.9492 | 2.0622 | 3.0135 | 3.7973
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Figure 2: Computed energy error versus the time step At for different polynomial approx-
imation degrees k = 1,2,3 and h = 0.125 (loglog scale). NIP method (27) (-) vs modified

NIP (29) [27] method (- -).

rates are reported in Table 1. The numerical results confirm the theoretical results proved
in Theorem 6.2 and demonstrate once again the h—optimality of DG discretizations.

We now investigate the stability of the NIP method (27), (with § = 1 in (28)) and
the corresponding modification given in (29) (originally introduced in [27]). In Figure 2
we show the computed error as a function of the time step At for a fixed mesh size
h = 0.125 varying the polynomial approximation degree k = 1,2,3. Similar results where
obtained for different mesh sizes h. As it can be seen from the graphics, the presence
of the additional stabilization term imposes a much severe restriction on the time step
size required to guarantee stability in practice, than for the original IP method. So even
if the extra term is helpful for the theoretical analysis of the method (29), it needs to
be handled extremely carefully in the numerical simulations, in order to guarantee the
stability in practice, and it seems to impose a much stringent condition on the time step
At. From these experiments, we infer that the efficiency of the modified scheme (29) seems
to be lower than that of the plain IP (27).

Finally, to conclude the analysis, we consider the homogeneous elastic domain 2 =
(0,1)3, with A\, 4, p = 1 not excited by external loads, i.e., f = 0. We set homogeneous
Dirichlet boundary conditions and initial conditions

—3m sin? () sin(27y) sin(272)
up(x) =0, u(x) = 3 sin(2mz) sin?(7y) sin(272)
3 sin(27z) sin(27y) sin?(72)

for the displacement and the velocity field, respectively.

For the sake of brevity we report only the results obtained with the SIP(4) approxi-
mation, for 6 = 1/2, fixing the mesh size h = 0.125, the polynomial degree k = 3,
and the time step At = 1-107* for a time interval [0,10]. In Figure 4 we report the
ratio |[u(t,)|le1p/|[ul|lep as a function of time ¢. It is easy to see that the above
ratio is bounded for all ¢ € [0,10], verifying the property (i) of Proposition 5.2, i.e.,

0" (tn)lle.p /|0 llep < C.
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Figure 3: Computed L°°(L?) norm of uy, versus the time step At, for different polynomial
approximation degrees k = 1,2,3 (loglog scale) and h = 0.125. NIP method (27) (-) vs
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exact solution u (.-).

Figure 4: Solid line: computed ratio |[u”(t,)|e.1p/|[ul|e1p as a function of time ¢ for h =
0.125, k = 3 and At = 1-10~*. Dashed line: upper bound C' = Jmax, [u” (1) |le.1p/llul||e.1p-
<i<
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A  Proof of Lemma 2.1

Proof of Lemma 2.1. The proof of the first estimate is achieved in three steps.
Step I. We consider the weak formulation (7a)—(7b) and take as test function v =u; €
H} r,(Q) in (7a), getting

(pug,up)o + (0, e(wy))o = (f,u)o + (g, u)ry- (60)

Notice that we have used implicitly the time derivative of the Dirichlet boundary condition,
expressed in equation (2c).
Step II. We differentiate with respect to time the constitutive equation (2b)

Ao, —e(u) =0 in Q x (0,77, (61)
and we consider its weak formulation obtained taking as a test function o € £2(Q):
(Ao, 0)0 — (e(uy),0)q = 0.
Step III. Summing up the above equation and (60), we have
(puy, u)o + (Ao, o)o = (f,ur)e + (8, ur)ry,

or equivalently

1d

52 (102wl 0 + 1420 0 ) = (. u)e + (8. ury.

Integration in time of the above identity, taking into account the definition of the energy
norm (8), yields to

1 1 t t
Sl = Sl B+ [ (Cuadr+ [ (g dn (62)

If f = g = 0 the result trivially follows. Otherwise, to obtain the thesis we need to
estimate the last two integrals above. For the first one, the Cauchy-Schwarz inequality
gives

t
/ (f,u;)qdr
0

where we have also used the lower bound on the material density (3). Before dealing with
the last integral in (62), we preliminarily observe that the trace theorem (cf. [1]) together
with Korn’s inequality (cf. [14], for example) and the lower bound in (6) gives:

t t
—1/2 —1/2
< [ o el ulondr < [ o P ilaalna)ledr, (63

lallgry < lulior, < le@)Eo = lAallfq < DI|(w, o)l2. (64)
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We rewrite the last integral in (62) by using Fubini’s theorem together with integration
by parts (with respect to time)

t t
/(g7uT)FN dT:/ / g-u,-drds
0 I'ny JO

= /FN (g(0) - u(0) — g(t) - u(t)] ds — /FN/O g, -udrds
= (g07u0)0,FN - (g, u)O,FN - /0 (gr, u)OIN dr.

The above identity together with the Cauchy-Schwarz and the arithmetic-geometric in-
equalities lead to

1

1 1 t
< =llgolld.ry+5lluollory +ellgllory+=lullgry+ [ lgrllory llullory dr,
2 2 € 0

t
/ (g7 u’T)FNdT
0

where € > 0 is still at our disposal. Using (64) (also for the initial data, which is assumed
to be compatible) we finally obtain

-1
——II(uo, @0) |2 + €D llgll5 r

1
< = 2
< slgolld e, + =5

t
/ (ga uT)FNdT
0

_|_

D*—l ) t
(w02 + /0 - oy |l (u, &) edr.

€

Substituting the above estimate together with (63) in the identity (62), we get

(D' +1)

1 D; ! o o1 2 2
5~ C . [(u,0)]e < §Hg0Ho,rN + f“(UOJO)Hs

t
_ ~1/2
e glir, + [ (57l + oy ) i o)le
Choosing € so that 1/2 — CD;'e™! > 0 we have

1 (Dy' +1)

[, )2 £ 5ol ry + =5 (10, 00)I2

t
— —-1/2
*1 %I‘N * 07Q T O,FN I & .
+ D ellory + | (» 0.0+ g [(w, o)l d7

The proof is complete applying Gronwall’s lemma

L[t 10
w.o)lle SVG+5 [ (1800 -+ le-lor ) dr

with
(D' +1)

1 2
g= §||g0”0,FN + 5

I(uo, o) |2 + D5t sup |igl3r, .
0<t<T
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B Proof of Lemma 5.3 and Lemma 5.4

In this appendix we collect the proofs of the auxiliary Lemmas 5.3 and 5.4, used in the
stability analysis.

Proof of Lemma 5.3. The proof goes along the same lines as in the continuous case with
subtle modifications to obtain bounds independent of h.

Estimate (33) follows from the Cauchy-Schwarz inequality together with the lower
bound of the mass density (3). To show estimate (34), we proceed similarly to get

t
—1/2 1/2
<D [V lharyelo nly mpdr. (69

¢
/ (coogr, ol n);}iv dr
0

Next, we notice that for each t € [0, 7], the map g(t) belongs to H/2(I'y). The inverse
trace theorem [1] guarantees that the trace operator has a continuous right inverse opera-
tor, say T : HY/2(I'y) — H'(Q). Hence, taking into account the scaling of the parameter
co2 and using the trace inequality (16b) we have

1/2 - — _ —
le3s’gll3 7 = cohrk (D} gl S k2D g}k VF € FY,F COK,

where, with an abuse of notation, we have denoted by g = Tg the extension of g. Summing
over all F' € ]:}]LV and using the continuity of the operator T we get

1/2 — — —
lez) grllo zx < > Dilerllf & =DM lgrlio S DM ler oy - (66)
KeTy,

Substitution of the above estimate in (65) gives (34).
To prove (35), we use integration by parts formula (10) with w = g and z = u”, together
with triangle and Jensen’ inequality to get

< [tgury| + [ig w41 [ or i a6

t
[ ety ar

Therefore, we only need to estimate the inner product |{g, u”) FN |, where the first argument
could be either gg, g or g,;. Applying Holder’s inequality, the trace inequality (17) and
inequality (18) with w = F € F}¥ gives

‘/ g, ulds
F

where, for any F' € ]:}]LV, K is the only element in 7; such that F C 0K. Setting now

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

‘/ g, u’ds
F

Notice that ¢ = oo for d = 2 and ¢ = 4 for d = 3. Using that F' is a d — 1 dimensional
element and using the continuity of the Sobolev embedding H'(F) — LI(F) [1], we have

< HgHLq(F)HuhHLP(F) S ||g||Lq(F)h_1/p||uhHWLP(K)

_ d(l_1 2d—2—dp
S lgllzaqmh PR [0t 1k = llgliemh” 7 [0k

S llgllzagey a1, (68)

. (2d - 2)
lgliveee) S llglh.r Ve € HIF), =7
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Substituting the above bound in (68) and summing over all faces F' € F}Y, gives

9 1/2
ey Slelhry (I + o) (69
17’771
Applying the discrete Poincaré and Korn inequalities [7, 6], and the bound in (6), we have

h h h —1/2p h
"7, + [0} 7 S lle@MBr + >0 e P -
FEFQUFP

_ —1/2
<D LIP3+ Y Ihe DY 23 5
FeFuFp

= D3
Finally, substituting the above estimate in (69) yields
(&, u") x| Sllglrn D u® o

Applying now the above estimate to each term in (67), we finally get
(@0, uf) | S D gollry 0,

t t
—1/2
| Vi dm s [ D2 el o ar

D

-1
N h
S gy + ellu @)z,

(@), u" (1)

where for the last term we have also used the arithmetic geometric inequality with € > 0.
Substitution of the above estimates into (67) completes the proof. O

Proof of Lemma 5.4. We start rewriting the second equation in (23) with 7 = De(u”)
IDY2e(u")|[3 7, = (e(u"), De(u"))7;, = (A", De(u"))7, + (can[o"], [De(u")]) 7
+(c2(0”n — g), De(u") n) gy + ([u"], {Ds(uh)}>fguf,? (70)
— {u"}a_s) — (U}, [De(u™)]) 7,

Prior to estimate all terms on the right-hand side above, we note that Agmon’s (16a) and
inverse inequalities (19), and the definition of cyy give

lesy’ [Pe@M]llo.r S 1D 2e(@Mlok,  llesy {Dem)}sllor < DY) ok - (71)

Now, using Cauchy-Schwarz inequality and the first estimate above, the first three terms
in (70) can be bounded by

IN

(Ao" De@)| < A0 o7 [P e () o7,
‘(Cm ["], [De(u")]) 5
1/2

1/2
[(ea(0"n — &), De) m)sy| S (I3 T Wo sy + llesh gllo s ) 11D 2e(0") o

1/2¢ R h
< Nlexb Io o,z 1D 2 (™) lox

~

To estimate the last two terms in (70), notice that cji1co2 = O(1) since,

_ — -1 — — — —
Clll = (Cthlk?z{D}) = (0162) 1CQth‘ Q{D} T— (6162) 1C22.
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Then, the Cauchy Schwarz inequality and (71) give for the fourth term

1/2 1/2
([ APV ppurp| S el To" o spump loss (D) g spurp
1/2
S e[ llo spuzp 11D 2e@™)l0.0- (72)

Analogously, the last term can be estimated using identity (15) and (71)

|~ ({u" 1) — (0"} D)) g | S lledt* [0 Tlo =g DY 26 (™) o 0.

Finally, substituting all the estimates into (70) we obtain

h h 1/2p h 1/2r _h 1/2
1D 2e (@073 SIAY20 o7, + lert[u o,z + lless [o" Vo zx + llesb’gllo, £,

The proof is then concluded by arguing as in the proof of (34) in Lemma 5.3 (using
estimate (66))

1/2 _
les’ g2 xS D7 gl oy
O
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