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Abstract:

This work is concerned with implementing the hybridizable discontinuous Galerkin (HDG) method
to solve the linear anisotropic elastic equation in the frequency domain, focusing in particular on
providing a compact description of the discrete problem and an optimal choice of stabilization in
defining the HDG numerical traces. Voigt notation is employed in the description of the discrete
problem in order to facilitate matrix operation and to provide efficient book-keeping of physical
parameters. Additionally, a first-order formulation working with the compliance elasticity ten-
sor is employed to allow for parameter variation within a mesh cell, for better representation of
complex media. We determine an optimal choice of stabilization by constructing a hybridized
Godunov-upwind flux for anisotropic elasticity possessing three distinct wavespeeds. This stabi-
lization removes the need to choose judiciously scaling factors and can be used as a versatile choice
for all materials. Its optimality is established by comparing with identity matrix-based stabiliza-
tion in a wide range of values for the scaling factor. Numerical investigations are carried out in
two and three dimensions, for isotropic elasticity and material with varying degree of anisotropy.
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1 Introduction

In this work, we implement Hybridizable Discontinuous Galerkin (HDG) method to solve the time-
harmonic linear anisotropic elastic equation in two and three dimensions. This is carried out in the
context of simulating wave propagation in the frequency domain for heterogeneous Earth subsurfaces
ranging from local to global scale, and to be employed in full waveform inversion (FWI) algorithms. Such
applications require discretization methods that can handle material heterogeneity and nonconforming
meshes, while, at the same time, provide accurate and stable performance at tenable computational
costs due to the large scale of the domain and high number of iterations employed in FWI. Finally, an
ideal candidate also exploits efficiently advanced and parallel computing architecture. A method that
can meet these requirements is the HDG method. The form employed in this work follows the original
HDG method devised by Cockburn and co-authors [19, 21] for second-order elliptic equation, which was
adapted and analyzed for Helmholtz equation in [39]. In implementing HDG method for elastic equation,
the contributions of our work are centered around the following three main points.

1. Starting from a systematic formalism based on Voigt notation, our work writes the discretized prob-
lem in compact matrix form, which handles efficiently general anisotropy and facilitates numerical
implementation.

2. A hybridized numerical flux for HDG method is constructed for anisotropy under the assumption
of three distinct wave speeds, by extending the hybridization technique of upwind flux in [53].

3. In-depth numerical investigations are carried out to study the effect of stabilization operator in the
definition of numerical trace for varying degrees of anisotropy. This is in terms of the form of the
stabilization matrix-operator, that can be a multiple of the identity matrix or a symmetric matrix
containing material parameters, or from hybridizing Godunov-upwind fluxes.

Before developing further discussion, we cite some description of HDG method and refer to [3, 21, 15,
52, 49, 34] and the recent survey [17] for more in-depth discussion. For a review of the implementation
of HDG method for wave equation to fluid flow and continuum mechanics, in both time and frequency
domain, we refer to [31] and [35, Section 2]. Other methods related to HDG are Weak Galerkin or
Hybrid High Order, for elasticity, cf. [60] and [26, 18]. HDG method was initially introduced in [19, 21]
to remedy a disadvantage in terms of computational cost of Discontinuous Galerkin (DG) approximations
compared to standard Continuous Galerkin (CG) discretizations reinforced with static condensation. By
relaxing continuity constraints of solution between mesh elements, DG family is able to capture ‘physically
relative’ discontinuity without producing spurious oscillation', which forms one of the main advantages

1We refer to [23, 14] for an overview of the development of DG method since the seminal work of Reed and Hill in 1973
[48]. From its development in 1973 for the neural transport equation, a hyperbolic scalar equation, DG discretization was
extended to time-dependent hyperbolic conservation law, computational fluid dynamics, and to elliptic equation. A unified
treatment of DG methods for elliptic equation is given in [2], cf. in particular Table 3.1.
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HDG discretization for linear anisotropic elastic wave equation 5

of DG methods compared to Finite Difference and Finite Volume ones, in addition to their flexibility to
handle complicated geometries (CG method as well), adaptive strategies, and being highly parallelizable,
[23]. However relaxing continuity constraints is obtained by doubling degrees of freedom at interior edges,
which leads to high computational cost. While static condensation presents a strategy to reduce this cost,
it is not applicable to all DG methods, in particular those containing coupling of interior nodes of an
element with neighboring ones. As described in [15, 16], an HDG method is a DG method amenable to
hybridization and thus static condensation.

In more recent literature, HDG method is directly defined as a two-staged process in which the origi-
nal problem is written as a union of local boundary problems on each mesh cell whose boundary data are
the hybrid variables, and the local problems are linked by transmission conditions which together with
inversion of local problem results in a global problem in the hybrid variable defined on the skeleton of
the mesh, [15]. HDG method retains the attractive features of the DG family, being locally conservative,
flexible with h-p adaptivity strategy and thus unstructured nonconforming meshes, and highly paralleliz-
able, e.g., [62, Section 4]. Additionally, HDG method allows for unified treatment of boundary condition
and numerical flux [45], and is amenable to hybrid computing architecture, cf., e.g., [28]. In simple formu-
lations using L?-based approximation, which are non-conforming bases employing polynomial functions,
HDG method provides optimal convergence which is also observed even when the primal variable and its
gradient are approximated with polynomials of the same degree, see further discussion in Remark 10. In
comparing with CG method, HDG method is also observed to be more stable for convection-dominated
problems, cf. [31], while numerical results in [43, 52] for elastostatics show higher convergence rate for
HDG using the same mesh and degree of approximation. For in-depth comparison of HDG with CG
and other DG methods, we further refer to [41, 36, 62] and [46] in the context of incompressible fluid
flow with high-order elements; see also [32] for sparsity comparison. In the context of seismology in fre-
quency domain, for local or regional seismology, Finite Difference method can outperform Finite Element
method; however it requires structured grids, which impedes taking into consideration strong background
variation, topography (roughness of boundary) and implementation about boundary conditions, cf. [58,
Section 4.2].

Works implementing HDG for elasticity are e.g., [7] for time-harmonic elasticity, [49] for static isotropic
elasticity, [52, 33, 24, 27] for static elasticity allowing anisotropy, [53, 44, 31] in time-domain isotropic
elasticity. In [49, 34], authors employ HDG-Voigt in their formulation, in addition to curved mesh feature
n [34]. In [52, 33, 24], authors work with general form of the elastic equation thus allow for anisotropy,
however their numerical investigation only consider isotropy. While [53] hybridizes the Godunov-upwind
flux employed by [61] for DG method in time-domain problem, other works use multiple of identity
stabilization, with the exception of [52, 33, 24] which propose stabilization in terms of the Kelvin—
Christoffel matrix. In comparison to these references, our work contains the following new aspects
(references are also discussed and compared in more details in Appendix C with respect to the choice of
primal and mixed variables, and stabilization operators used to define the numerical traces).

1. While Voigt notations are also used with HDG method in [49], referred to as the HDG-Voigt
method, we employ it in a more systematic way to provide a compact treatment of the discretized
problem with anisotropic elasticity, and of the construction of hybridized Godunov-upwind flux.
Our formalism, cf. Section 3, starts from the introduction of Voigt notation in [11], and offers a
matrix-block alternative to the brute-force component-wise description which lists each component
of the discretized problems. This latter approach can quickly become cumbersome not only in
formal writing, but also renders code building daunting, especially for general anisotropy in 3D, cf.
[7, Appendix B, Sections 5.4.1 and 5.4.2]. Voigt formalism offers better organization not only in
writing but also in coding, bringing out block-structure pattern, which enables matrix operations
and thus optimization of the direct solver. Additionally, good book-keeping of physical materials
will be indispensable in the second stage which is inversion.

2. We extend to anisotropy the method employed by [53] to hybridize the upwind flux constructed in
[61] for DG formulation in time domain. The main ingredients in hybridization are the exact solution
of the Riemann problem and the fact that they satisfy the Rankine-Huguniot jump condition. The
HDG numerical trace constructed in this way, despite having a more complicated form, arises
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6 H. Pham & F. Faucher & H. Barucq

naturally in the sense that it is rigorously derived, rather than being simply proposed, as remarked
in [8]. The ingredients for anisotropy case remain the same as in isotropy: exact solution of
the Riemann problem and Rankine-Hugoniot jump conditions?. The name ‘Godunov-upwind’ is
adopted from [8, 9, 10], in which hybridization was carried out following different approaches;
however that employing Rankine-Hugoniot jump condition is recognized in sequel work [9, 10]
(where the hybridized flux is also called ‘Rankine-Hugoniot’ flux) to be more natural and direct.
Also employing notion of Riemann problem to devise HDG scheme are, e.g., [59, 43] and the
references therein, in the context of compressible fluid flow (in [59], hybridization is carried out
with Lax-Friedrichs, Roe and Harten-Lax-Van Leer approximate Riemann solver).

3. As mentioned above, most implementations with HDG method for elasticity employ multiple of
identity stabilization (r1d, with Id the identity matrix and 7 a scalar coefficient) with the exception
of [52, 33, 24] and [53] that use the Kelvin—Christoffel (KC) matrix and hybridizing Godunov-upwind
flux, respectively. It is commented in [31] that for linear elasticity, the choice of the stabilization
matrix-operator has slight effect on the accuracy of the approximation®, allowing for a wide range of
choices, and that the multiple of identity stability is as effective as more complicated ones. Regarding
the effect of the scaling factor in multiple of identity stabilization, numerical investigation for
Helmholtz equation has been carried out in [38] with 7 in the complex plane, and for static isotropic
elasticity in [49]. For static isotropic elasticity, numerical results in [52, 33] compare between
multiple of identity stabilization and one with KC matrix. We note that for elastodynamics, even for
isotropy, there are no numerical investigations comparing between multiple of identity stabilization
and other more complicated forms. We extend the numerical investigation in these references
to dynamic elasticity for both isotropy and anisotropy. We investigate whether the stabilization
matrix-operator should contain the anisotropy of the material. Intuitively, multiple of identity
stabilization performs well with the condition that the scaling factor 7 is chosen appropriately in
terms of sign and magnitude, while without additional choosing, the Godunov flux offers a reference
optimal performance. We also extend the investigation in [38] to elasticity with scaling factor 7
taking value in the complex plane.

4. Our formulation of the wave equations in linear elasticity is written in terms of the compliance
tensor S instead of the usual stiffness tensor C = S~!. This allows us to easily treat physical
properties that vary within the cell avoiding having to derive these properties, see Subsection 6.3.
Firstly, it allows us to treat highly varying properties while keeping large-cell discretization, hence
keeping high-order polynomial discretization, which is critical for the efficiency of the HDG method
compared to CG one, [28]. Secondly, it allows us to have a flexible representation of the physical
properties on the discretized domain, which is a key-ingredient for inversion, [30].

The organization of this report is as follows. We first introduce the first-order formulation for the elas-
tic equation and its HDG formulation in Section 2. In order to prepare for discretization and construction
of the Godunov flux, we develop a formalism based on Voigt notation in Section 3. The discretized prob-
lem in matrix form is developed in Section 4. A summary of the stabilization investigated in this paper
is given in Subsection 4.4 together with a detailed discussion of literature in Appendix C. In Section 5,
the basic ingredients of the Riemann problem are given in Subsections 5.1 and 5.2, and the construction
for anisotropy is carried out in Subsection 5.4. Finally, we carry out numerical experiments in Sections 6
and 7, respectively for isotropic and anisotropic media.

2These are also employed in [56, 55, 63] to construct upwind flux for DG implementation in time domain. Although
constructed from the same ingredients, the DG numerical flux in [61, 56, 55, 63] depends on information both from left and
right of the interface, while the hybridized HDG numerical fluxes in [53] and in our work are defined from one-sided data.

31t is beyond our scope to consider nonlinear-elasticity. However it is interesting to note the remark in [31, Section 4.2.4]
that a complicate form of stabilization matrix containing information of the stiffness tensor is not suitable for nonlinear
elasticity in time. They cite in specific the stabilization in [52], i.e., the Kelvin—Christoffel stabilization which was proposed
for linear electrostatics. The question is whether this remark pertains to the hybridized Godunov form in [53], i.e, MGodunov
(4.63) derived for linear isotropic elasticity.

Inria
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2 HDG Formulations for time-harmonic linear elasticity

As mentioned in the introduction, in order to reduce the computational cost due to the doubling of
degrees of freedom at an interior edge in a DG method, HDG formulation employs two strategies: the
hybridization of mixed method, and static condensation. Firstly, the original problem is written as a
union of local boundary-valued problems defined for each mesh cell with boundary data a hybrid variable.
Secondly, local problems are introduced and are linked by transmission conditions (or jump conditions)
which constrain weakly the continuity of the solutions through numerical flux. With HDG method, the
local problems are solved in mixed formulation with a pair of unknowns made up of the original unknown
(also called primal), a mixed unknown (usually the derivatives of the primal), and the boundary data
given by the hybrid variable for Dirichlet problem, that is, the trace of the primal unknown. The global
problem is written only in terms of the hybrid variables defined only on the skeleton of the mesh, then
the primal and mixed unknowns are found via the inversion of local problems which can be carried out
in a parallel manner as they are independent on each element of the discretized domain.

Remark 1 (On hybrid, hybridization and mixed methods). We cite here some explanation from [21, 15]
on the origins of the name of the HDG method. As explained in [21], the name ‘hybrid’ comes from
p.421 in the book of Ciarlet (1978) [13] and designates any finite-element methods whose set of unknowns
consist of a primal unknown, a mized unknown (usually a derivative of the primal one) and the trace of
the primal unknown, usually denoted by \ along the skeleton. This is also called Lagrange multiplier in
the work [2] (1985) associated with the continuity of the mized unknown, specifically jump of the flux.
As explained in [15, Section 2.3] and [21, Section 1.2], hybridization is what allows a mized method
to undergo static condensation. Commonly, a mired method corresponds to a first-order formulation,
solving simultaneously for the primal/original unknown and a mized unknown (usually a derivative of the
primal one). For instance for the Poisson equation Aw = f, the unknowns are (q := Vw,w). In mized
gﬁ ?) <3}Z>, where A is not block-diagonal due to
the requirement of strong continuity of qn, therefore static condensation cannot be performed to eliminate
dn- This problem is remedied by introducing an approrimation of q which allows discontinuity from one
element to another, and a hybrid unknown @ approzimating the trace of w on the skeleton of the mesh.
DG methods amenable to the hybridization approach in [21] are those whose globally coupled unknowns
are the numerical trace, cf. [21, Section 1.8]. Additionally, as explained in the same reference, examples
of DG methods that are not hybridizable are those presented in [3] with the exception of some local DG
(LDG) methods, since they involve no dependency between the numerical trace and the mized unknown.
For original article on hybridization of mized method, we further refer to [20].

methods, the left-hand side is written as a system

2.1 Notations
We list here the operations on tensors employed, working with the following objects,
~ fourth-order tensor S = (Sijk1)} ; .11
— matrix x = (xr)} 1, and X = (Xat){ =1 »
— vector v = (v;)3_1, w = (w;)3_;.
Tensor-valued functions whose components taking value in a function space V are written as,

_ n S nxn symmetric nxn
vector-valued V",  matrix-valued V ) motrivalued  Yeym. - (2.1)

Tensor operations We have the standard dot product

3
3
Matrix-vector _ o
Vggg?iru(citm vV-w = E V;Wj (22&) product XV = g Xij Uy (220)
j=1 j=1
fourth-order t S S b 3
ourth-order tensor I 2.9 . L )
matrix product ( X)U Ek l ijkl Xkl ( ) Coﬁ/g?g‘g}c’fon X:X= E Xij Xij - (2.2d)

ij=1
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8 H. Pham & F. Faucher & H. Barucq

The tensor product vector between two vectors v and w is written as v ® w and defines a matrix whose
components in Cartesian basis are
(V X W)ij = U; Wj . (23)

Denote the bilinear form between two vectors v, w with matrix x such as,

3
V-X~W:Z’U,'Xijwj'. (2.4)

ij=1

Differential operations Gradient of vector is given by matrix with rows indexed by ¢ and columns
by 7,

(Vw),; = 0jw; (2.5)
We denote by V*® the symmetric gradient for a vector w, with ¢ denoting matrix transpose,
Viw = w . (2.6)
2
The divergence of a matrix x is given by a vector whose components are given by,
3
(V-x)i =Y 0ixis - (2.7)
j=1

2.2 First-order systems of wave equations in linear elasticity

We consider the propagation of time-harmonic waves in linear elasticity, given in terms of the displacement
u or velocity v defined such that v := —iwu. We therefore work with the following two variants (which
are equivalent) of the elastic wave equation. Considering a domain €2 and an interior source f, the wave
equations are given by (e.g., [11]),

Formulation (u, ) —wp(x)ulx,w) — V-o(x,w) = f(x,w), (2.8a)
s S(x)o(x,w) = Vou(x,w). (2.8b)

. —iwpx)v(x,w) — V-o(x,w) = f(x,w), (2.9a)
Formulation (v, &)s {iw S(x)o(x,w) = -V°v(x,w). (2.9b)

Here, o is the stress tensor, p is the density, S is the compliance tensor which is the inverse of the stiffness
tensor S := C ',

Remark 2. The two variants in (2.8) and (2.9) are analogous to those for the Helmholtz equation
(acoustic wave) with a first or second-order in w, cf., [39, 30] and [25] respectively. We note that only
the variant (u,0)g gives the formulation for elastostatics as w — 0. Other formulations equivalent to
(2.8) and (2.9) are also discussed in []2, Section 6], cf. continued discussion in Appendiz C focusing on
the form of stabilization operator. For instance, variants found in literature include,

(u,0)c —wipu V.o =1, (2.10a) (V,U)c{, ey V;a =f, (2.10c)
’ o = C (V'u), (2.10b) iwo = —C(Vv), (2.10d)

(w,€) —w?pu — V- (Ce) =f, (2.10e) (v,€) { —iwpv — V- (Ce) =1, (2.10g)
Y9 e = Veu, (2.10f) ’ iwe = — V°v. (2.10h)

The strain tensor is € := V°u. Note that our choice of working with the compliance tensor S rather
than the stiffness tensor C is motivated as it is more convenient to allow for physical properties that vary
within each element of the discretized domain, see Subsection 6.3.

Inria



HDG discretization for linear anisotropic elastic wave equation 9

2.3 Discretization domain

To solve numerically the elastic wave problem, the domain Q is discretized with an ordered set T, (also
referred to as the mesh) of non-overlapping elements K¢, 1 < e < |T], providing a partition of €:

[Thl
T ={K[1<e<|Tul}, Q=K :=q,. (2.11)
e=1
For simplicity, we have assumed that the domain used for numerical computation €2, is exactly the
original physical domain 2. Notation e is the index of element K€ in the set Tj,, the size of which is |Ty].
In our numerical implementation, we exclusively work with simplexes, thus K is a tetrahedron in 3D and
a triangle in 2D.
The set of faces in the mesh 7}, is denoted by X;. It consists of the union of the faces F which also
form the boundary of all element K in 7y,

|7l ITnl o
Sh=J oK =0\ | JEe={FF[1 <k <[5y} (2.12)
e=1 e=1

o]
Here, for a domain K, we have written K to denote its interior, that is,

K=F\0K. (2.13)

Index k is the global index of the face F in Xj,, each of which has also a local index with respect to the
element K that contains it, cf. discussion in Subsection 4.1, in particular (4.1). We distinguish between
the interior faces, also called interfaces, and boundary ones which forms the boundary of Q,

Y=Y UXy X9=09,=XyUZ2YIpUZI,. (214)

Here, the boundary of the domain, ¥y consists of non-overlapping regions where Neumann, Dirichlet,
and Robin boundary conditions are imposed, respectively 3y, Xp and ..

Jump operator For a scalar quantity f regular enough defined on the interior of domain K, to denote
its zero-th order trace operator along 0K, we write
flox = hlim+ f(x—=hv), v the outward-pointing normal . (2.15)
—0

Consider an interface F shared between elements K+ and K~ i.e., F = 0Kt N 9K~ . Denote by v* the

outward-pointing normal vector defined on K *. At interface F, the jumps [ -] of a vector v and of the
[e] [e]
traction of a matrix w defined on K™ U K~ are respectively defined as

[v] = v|g+ —V‘K7 ) [wv] = w|g+vT +w|g-v . (2.16)

2.4 Statement of HDG problem for formulation (v,o)g

Strong form The HDG method comprises of local problems defined on each cell K € Tp,, for formulation
(v,0)s of (2.9), we have

iwpv —= V.o =1, on K, (2.17a)
iwSo = —Vv, on K, (
vV =Ay, on 0K .

(
We note that the local problem is a boundary value problem with prescribed Dirichlet condition Ay €
L?(0K). The trace Ay is determined by the conservativity condition?,

[ov] =0 on F e %y. (2.18)

4Originally, the continuity of the global solution is given by [v] = 0 and [ov] = 0 along Zin;. The first one is satisfied

automatically by Dirichlet condition (2.17c) which obliges v|+ = V|- on interface F € K+ N K—. In another word,
[v] =0 for all F € ¥yt
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10 H. Pham & F. Faucher & H. Barucq

On the boundary of the domain g, the three types of boundary conditions are as follow,

Av =0 on Xp, Dirichlet boundary,
ov =0 on Xy, Neumann boundary, (2.19)
ov=2Z)A, onXy, Robin boundary.

The last condition represents a low order absorbing boundary condition with impedance-like matrix Z.

Weak form To state the weak form, in addition to convention listed in (2.1), we also introduce the
space:

H(K) = {A: (i)}, | A=A a; € *(K)® and V-a; € L*(K),

(2.20)

where a; := (aij)?:1 , 1=1,2,3 } .

On 0K, given v = Ay and a definition of oo in terms of Ay and (v, 0')\;(, the weak form consists in

finding (v, o, Ay) that solve
1. The local problems on each K € Tp: for all test-functions (¢, ¥) € HY(K)? x H(K),

—iw/ pv-adx—k/ozvadx— 5-0/'1\/dsx:/ f. ¢pdx, (2.21a)

K K oK K

iw/ Sa:@dx:/ v-(V~E)dx—/ v-U-Vdsy; (2.21b)
K K oK

2. The global problem is given by conservativity condition on i, for & € L?(2y),
[ov] - €dsx =0, (2.22)
Zint

and boundary conditions (2.19) write as,

Ay =0o0n Yp; / ov-€ds, =0, V&€ L*(EN);

N (2.23)
/ (lwer — ZAy) - €dsy =0, VEecL*(Zy).
PSS

Finite element spaces Below we write LQ(Qh)g’;n?l’ to denote the space of symmetric 3 x 3 matrices

(thus w = (wry)1,7=2,y,2, With w;; = wyr). Introduce the global finite element spaces

Uh:{u:(uj)fzw,%z ELQ(Q}L)S : UI‘K EUh(K), VKEE};
Vi, = {’U = ('U[J)I’L]:w’y’z S L2(Qh)2;3 : UIJ|K € Vh(K), VK € E}, (224)
My, = {w = (w[)[:m}y’z S LQ(Eh)?’ : /JI|F S Mh(F), VF € Eh} .

The local function spaces Uy (K), Vi (K) and My, (F) are generally spaces of polynomials of finite degree
on the corresponding domain. Denote P¥(D) the space of polynomials of degree k defined on domain
D C R®. As common choice® for elasticity using nonconformal spaces (L? space), same degrees are chosen
for all three spaces, e.g., [52, 7, 31],

Un(K) = Vi(K) = PHK),  My(F) =P F). (2.25)
5The local function spaces can also be allowed to have different degrees. In [47, p.2 and Table 1],

Up(K) = PHIH(K), Vi, =P, My(F)=PF).
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HDG discretization for linear anisotropic elastic wave equation 11

Numerical trace of traction The numerical trace of the traction is defined as
O/'I\/:UhV—TV(Vh—AVh). (2.26)

In the current form, the stabilization operator 7 is usually a symmetric definite positive matrix, a list

of the variants considered in our work is further detailed in Subsection 4.4. We next substitute this into

(2.21)—(2.23) to obtain the approximate problem below.

Approximate problem Find (vy, 05, Avi) € Up X Vi, X M}, that solve,

1. Local problems on each element K¢ € Tj, for all test functions (¢, ¥) € Uy, x Vp,

—iw/vah-gdx—/K(V-a'h)~$dx+ $~TV-(vh—)\vh)dsx:/Kf-$dx, (2.27a)

OK

iw/ a'h:S:@dx:/ vh~(V-@)dx—/ v-U- Ayp dsy, (2.27b)
K K oK

2. Interface and boundary problems Conservativity and Neumann conditions give,

| 7n|

/ (g *Op -V — E Ty (’Uh - Avh)) dsx = Oa vzv S Mh(Eint U EN) . (228)
e=1 BKEQ(ZintUZN)

The Robin boundary condition (2.19) gives, V& € M (E),
| 7n| B B 7
Z/ (S'Uh"/_g'Tv'(vh_Avh) _S'Z'Avh>d8x:07 (229)
o1 JOKNS
The Dirichlet condition is imposed strongly such that,

Avh = 0, on ED. (230)

2.5 Statement of HDG problem for formulation (u,o)s

The HDG problem associated with formulation (u, o)g follows the same step as above. The strong form
associated with (2.8) is

—wlpu—-V.o =f, on K, (2.31a)
So = V®u, on K, (2.31b)
u=2Ay, on 0K . (2.31¢)

We now use u = A, on 9K, and a definition of & in terms of A, and (u, U)l}o{. The weak form is to find
(u, 0, Ay) that solve

1. The local problems on each K € Ty, for all (¢, ¥) € H'(K)? x H'(K)S, are,

—wz/pu~$dx—|—/ o:Vodx — $~3~udsx:/ f-¢dx, (2.32a)
K K K

oK

/a:S:@dx:—/u~[V~@]dx+/ v-U-Udsg. (2.32Db)
K K oK
2. The global problem is given by conservativity condition on i, for &€ € L?(3y),
/ [6v] - Edsy =0 (2.33)
Sint
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12 H. Pham & F. Faucher & H. Barucq

and boundary conditions (2.19),

Au=0o0n Xp; /51\/~Edsx:0, Ve € L?(2N),

= (2.34)
/ (60— ZAy)-€dsxy =0, VEeL*(Z.).
PSS

The numerical trace of the traction is now defined (with a list of variants for 7, given in Subsection 4.4)
ov = opv —Tu(up — Aup) - (2.35)

Substitute this into (2.32)—(2.34) to obtain the approximate HDG problem:

Approximate problem Find (uy, o, Aun) € Up X Vi, x M}, that solve,
1. Local problems on element K¢ € Tj, for all test functions (¢, ¥) € Uy, X V},

—w2/Kpuh-$dx—/K(V-0'h) S dx+ @ - Tu(uy — Aup) dsy :/ f-¢pdx, (2.36a)

0K K

/ah:S:@dx:—/uh-V~@dx+/ v-U- X, dsg. (2.36b)
K K oK

2. Interface and boundary problems Conservativity and Neumann conditions give,

| 7n]

Z/ (veoop-€—& Tu-(up—Aun)) dsx = 0, V&€ My(Sing USN). (2.37)
1 JoKen(SimUEN)
The Robin boundary conditions (2.19) give, V& € Mp(X),
|7l B _ B
Z/ (u-oh-E—E-Tu-(uh—)\uh) —E'Z~)\uh)d8x=0. (238)
e—1 YOK*NY

The Dirichlet condition is imposed strongly,

>\uh = 0, on ZD. (2.39)

3 Voigt notations

Streamlined and compact writing of the discretized problem is useful for clear writing but also indispens-
able in view of building direct solver that can maximize efficient matrix operations and block storage.
The Voigt notation (e.g., [11]), is employed to represent not only the tensors, but also operations on
them including differential operators in Subsections 3.2 and 3.3. One obtains explicit expression for
the Kelvin—Christoffel matrix Subsection 3.4.2 for general anisotropy which is an important object char-
acterizing anisotropy in terms of wavespeeds. The notations and results of this section, in particular
Subsection 3.4, will be used for the discretization in Section 4 and to derive the hybridized Godunov-
upwind flux in Section 5.

3.1 Definitions

We denote by e; with I = x,y, z the unit vectors in Cartesian basis in three dimensions. A vector u in
C3 is written as
u = uze, + uyey +u.e; . (3.1)
We denote by Ss the set of symmetric matrices and Sy the set of fourth order tensors which have the
same symmetry as the stiffness tensor C:
Sz = {w = (wij)i,j=oy,: € C7° | wyy = wjs},

. (3.2)
Sy = {T = (tijk)i jkimsy,» € C¥¥3*3 | tijit = it = tijie = truij } -

Inria



HDG discretization for linear anisotropic elastic wave equation 13

Index sets of symmetric matrices and tensors Denote by Zg,,, the ordered set consisting of diagonal
and upper-diagonal indices of a symmetric matrix. These are identified with diagonal and lower-diagonal
indices, referred to as 1,...,6,

TIom = (xx’, ‘yy', ‘zz’, ‘yz', ‘xz’, ‘xy)) identified
¢ ) ¢ ) Cprp? ¢ ) 3 ’ 3 ’ « (1”6) (33)
= ( XX, Yy 77, zy", zX", yx ) with

We further define the constant arrays c3, J € Zy, and diagonal matrix D' such that,

= ‘XX’7Lyy77‘ZZ’ , DT = <Id3><3 03X3 ) ) (34)
y7

J
C~x =
J 2, forJ= ‘yz’, ‘xz’, ‘x 03x3 2ld3x3

hence DT = diag (c1,...,¢) -

Voigt and Kelvin identifications for symmetric matrices A symmetric 3 X 3 matrix w € S
is identified with a vector of length 6 in Voigt and Kelvin notation, that we refer to as W and w'
respectively, such that

Wex Wry Wz

SQ S w = (wyw Wyy Wyz

o t
o W = (War, Wyy, Wez, Wyz, Waz, Way) (3.5a)
Weg Wy Wiz Voigt identification

wh = (Wea » Wyy , Waz, 2Wyz , 2Waz, 2wwy)t . (3.5b)

Kelvin identification
The relation between the two representations is given using DT (3.4):

wh =DM, (3.6)

Voigt identification for symmetric tensor A fourth order symmetric tensor in Sy is identified with
a symmetric matrix of size 6 x 6 as

TeS, N T = (t33)x -
Voigt identification ( A )37J/EISm 7 3.7
o, (3.7)
. T = ( 33') ,
Kelvin identification I, €Lsm
with®
€11 Ci2 €13 Cia Ci5 Ci6 C11 Ci2 €13 2cia 2c15 2cs
C21 C22 C23 Caq4 Co25 C26 C21 Ca2 C23 2Caq 2C25 2co6
T._ |[Cs1 32 Cs3 Caa Css o Cse E‘T _ | cs1 €32 c33 2c3a 2c¢35 2cCs6 (3.8)
C41 C42 C43 C44 C45 Cg6 |’ C41 C42 €43 2Caa 2cC45 2cC46
C51 Cs2 €53 Cs4 Cs5 Cs6 C51 Cs2 Cs53 2Csa 2Cs55 2Cse
C61 Ce2 C63 Cé4 Cé5 Co6 C61 Ce2 C63 2Cea 2Ce5 2Co6
The above representations are related by,
=7 =
T =TD'. (3.9)
It is also useful to define,
Tt .= DIT DT, (3.10)

6In the above expression, identification (3.3) is used to label the components of a symmetric tensor in Sy4. In original
tezze lzaoyy lzzzz tecay tzzez tzayz
_ tyyaz tyyyy tyyzz tyyaey tyyaez tyyyz
indices 'I‘ _ tzzzx lzzyy tzzzz lzzaoy tzzez tzzyz
) toyee toyyy teyzz toyoy toyzs toyyz
tezee tozyy tezzz lezay tozez tozyz

tyzazx tyzyy tyzzz tyzey tyzaoz tyzyz
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14 H. Pham & F. Faucher & H. Barucq

3.2 Operations in Voigt notation

We define the following matrices:

1 000 0 0 0000 0 3 0000 5 0
A,=(0 000 0 3],A=(0100 00, A,=(0 0 0 %2 0 0f; (311a)
0000 3 0 000 3 00 001 0 00
1 00000 1000 0 1 0000 10
Al=10 0 0 0 0 1 ,AL:(O 00 0 0 o), Ai:(o 0010 0). (3.11b)
000O0T10 000 1 00 00100 0
With matrix D defined in (3.4), the two identifications A} and A; are related by
A} =A; D', where I = 2,4, 2. (3.12)
For a vector & € C3, we define
AT€):= > A, A= > &AL (3.13)
I=x,y,z I=x,y,z
They are related by,
AT(¢) = A(¢) DT. (3.14)

Symmetric tensor product between two vectors We denote by ® the symmetric tensor product:
for two vectors v = (v1)r=g,y,» and W = (W1 )1=gy,2

2 wgv WaVy + Wy, WeVz + WV
1 xz Uz z Uy yUx x Uz zUz
WOV = wovivew 1 WyVz + Wz Uy 2wy vy WyVz + Wy (3.15)
2 2
WeVp + WaVz  WzVy + WyUz 2WLV,

We can further represent the symmetric tensor product between two vectors w and v of length 3, as a
vector of length 6 in Voigt and Kelvin notations:

Wz Ug Ug 0
Wy Uy 0 Uy
— WUy 0 0 Uy
A% @ u = 1 = Wy + wy + Wy 1 1)
5 (wyuz +weuy) 0 5Uz 5Uy
1 (waus + waua) Lu. 0 LU,
3 (Watty + wyua) 3y 3l 0 (3.16)
We Uy Ug 0 0
Wy Uy 0 Uy 0
—t Wz Uz . 0 0 Uz
wou = Wyl + Wty | Wa o T wy Us T w, Uy
Wzl + WUy Uy 0 Uy
Welly + Wylg Uy Uy 0
Additionally, we have
s ——
Eow=AE)'w, Etow =Al¢'w. (3.17)

Symmetric matrix-vector product The dot product between a 3 x 3 symmetric matrix x and a
3 x 1 vector w can be written as, using identity (3.24),

xw=Al(w)X, (3.18)
Xzx Xyz Xzx S\ = oy
XW =W | Xay | +wy | Xow | Tz | Xy | = Z wiA; | X = Z wrAr | X . (3.19)
Xzz Xyz Xzz I 1
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HDG discretization for linear anisotropic elastic wave equation 15

Contraction For the contraction of two symmetric matrices 1,72 € Ss,
mim=T T =nl - m =D (3.20)

Here the operation in the second and third expressions are vector dot products, while the last one is a
bilinear form between two vectors and matrix, cf. Subsection 2.1.

Symmetric tensor-matrix product For symmetric tensor C € S; and matrix x € Sy,

N = =1 =
Cx =CD'¥ =Cc¥ =cCc¥'; (3.21a)
H = . = =
Cxt = pteptyx ® icty = ptext. (3.21b)
Useful identities For a 4*"-order tensor T € S, and symmetric matrices 7, w € Sa,
_> =
(87):w = St W = w-(D'SDY). 7 (322)
- wist.7 = wt. 5.7t
For two vectors v, w and a symmetric matrix 7 € Sy,
To=AT0)7 = Tvw=w-T-v=w-Al(v)- 7. (3.23)
3.3 Differential operators in Voigt notation
We first note that the three columns of symmetric matrix x can be given by
XzI t
Xyl :A}Y:AIY , IT=zy 2. (3.24)
X=zI

Using notation of the vector-valued differential operator dx = (s, 9, 0.)", we define the operators acting
on length 3 vector functions,

9 0 0 0 10. 319,
Adx):= > orAr=(0 a8, 0 Lo. 0 Lo,
I=x,y,z 0 0 6z %(% %81 0 (3 25)
9% 0 0 0 9. 9, '
Al(0x) == Y orA] = ( 0 8 0 8. 0 ax>
I=z,y,z 0 0 0 By Oz 0
Using their transpose’, we also define
Ax) =D 0IAL =Y A, AT =) aAT =) Al'o;. (3.26)
I I I I

It is useful to note that for a constant vector v and scalar function ¢, with A(V¢) defined using (3.13)
(with € = Vv), we have
A(0x)(ev) = A(Vo)v. (3.27)

"For matter of completeness, we list here their explicit expressions.

0 0 00 0 0 0 100 000
0 0 010 0 0 000 010
0o 0 t 0 0 0 t __ 0 1 t __ 000 t __ 000 t __
0 0 3 Ay— 0 01/2 ’ Ay_ 1/20 ) Al_ 000 ) AL— 001 ) Al_
0 1/2 000 0 0 001 000
/2 0 1/20 0 0 o0 010 100

Al =

T

-
-
¥

0
0
0
0
/
0

cocococor

1
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Symmetrized gradient of a vector The symmetrized gradient (2.6) in Voigt notation is

Oyuy 0 Wy 0
T) 8zuz 0 0 Wz
Viw = é (6ywz + azwy) = Oy 0 + 0y %wz + 0. %wy (3.28)
% (azwz + azwz) %wz 0 %wz
Using the transpose of the matrices A, we can further write the Voigt notation:
w
—> x
Viw=| > oAl (wy, ] (3.29)
I=z,y,z Wy
Similarly, the Kelvin representation of V®w, using the transpose of Al is
Oz Uz
Oyuy
ﬁ'f 8zuz Wa
Viw = Oyw, + 0wy | = < Z Or A}t> (wy> : (3.30)
Ozws + 0wy s b
Oz Wy + Oywy
We thus obtain the following identities,
— o
Viw = A(0y)'w, Viw! = AT(0,)'w . (3.31)
Divergence of a symmetric matrix The divergence of a symmetric matrix x is rewritten as
V-x = Al0)X = A XT. (3.32)
This is seen by using identity (3.24),
Xzx Xyz Xzx A = ot
Vex=0z|Xay | +0y | Xyy | +0: | X2y | = Z@IAI X = Z@IAI X - (3.33)
Xzz Xyz Xzz I I
3.4 Useful examples and identities
3.4.1 Basis for symmetric matrices
The following matrices form a basis for Ss:
o= (}18), oo =(318). e.oe.=(}39)
€z € =1000/) Y%= 0o0/) =Y~ \001
022 0ol 030 (3.34)
e,0e; = 2|1, e, Oe, = 000 ), e, 0Oey= %00
1 1
030 200 000
In particular, for the stress tensor o, we have,
o = Z orrerQer+2(0y,e,0€,+05,6;,0€, +05y€, Oey) . (3.35)
I=z,y,z
With Z,,, the ordered set (3.3), we write the unit Cartesian vectors in R® as,
€3, JE€ZIym- (3.36)
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The unit basis vector E5 in RS is (inversely) identified with the symmetric matrix® given in (3.34),

_ ey, I=J -
] e = By—ey. (3.37)
2ef ey, I1#J

where the explicit expression of €5 is obtained from definition (3.34),

e (688) e —(8?8) e.. —(888)
™ \o000/"’ ¥ \ooo/’ ~\oo01
_ 000 _ 001 010 (3.38)
e,,=(001]), €, =(000 100
010 100 000

In particular, a symmetric matrix o € Sy can be written in the basis gg, or in Voigt notation in terms of

the basis e5 such that,
Z 0333, ?: Z 03é3. (3.39)

JE€Lsm JE€Lsm
Its divergence is
Veo= Y Al(Voy)e;, (V-o)-er= Y er-Al(Voy)-e;. (3.40)
JE€ELsm JE€ELsm

3.4.2 Kelvin—Christoffel matrix

We first recall the definition of the Kelvin—Christoffel matrix, see, for instance, [11].

Definition 1 (Kelvin-Christoffel matrix). With normalized vector v and fourth-order elasticity tensor
C, the Kelvin—Christoffel matriz is,

3
'v):=v-C-v, with (v -C- l/)jk = Z Vi Cijll VI - (3.41)
il=1

Proposition 1 (Identity). The Kelvin—Christoffel matriz T' can be written as
I'(v) = A(w)C A ). (3.42)
Proof. This is seen as follows. Using identity (3.17), we have
Al(v)w = vow = ETAt(V)W = m (3.43)
Next with identity (3.18), Af(w)X = xw, with x = C (v ®w), we obtain

AW CIA W) w = (C(vow)v=(v-C v) w. (3.44)

Proposition 2 (Symmetry). By the symmetry of C, we have,

v-C-v), = Z Vj Cijkl Vi = Z vicrjivk = v -C-v), . (3.45)
J.k J.k

From the above identity, it follows that T'(v) is a symmetric matriz.

8In particular, for J = II with I = z,y, z then EH =e; ® ey, while J € Zgyy, and J = I.J then E3 =2erOey.
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18 H. Pham & F. Faucher & H. Barucq

The derivation (3.44) also gives us
w - <AT(V)6TAt(V)) w=w-(Clvow)v=wow):C:(vow)>0. (3.46)
This follows from the assumption of a positive definite stiffness tensor C, and we have,
At(w)CTA (v) =v-C-v =T(v) is positive-definite and symmetric. (3.47)
It is thus diagonalizable with 3 positive eigenvalues, listed in descending order,
PC<21P ) 00351 ) 00332 : (3.48)
Proposition 3. The components of matriz T' can be computed as a matrix as

TW))is = (AW)er) - ICT - (Aw)ey) (3.492)
=(e;Ov):C:(ejov)=e;-(Cle;jOv)) v. (3.49b)

In Voigt’s notation, it can be written as a vector given by matriz-vector multiplication,

€11 Ce6 Cs5 Cs56 Ci5 Ci6
Cee C22 C44 C24 C46 C26
—>I‘ _ | 655 Caqa C33 C34 €35 C45 —t 3.50
(V) - Ccagtcas cia+tcse ci12+ce6 vrov . ( . )
Cle C26 C45 P} 2 2
ca5+cC36 ci13+css cia+tcs
€15 Cap  Cas 4-53@ 132 142 6

C56 Coqa  C34 044-5023 636-2FC45 025'5046

Proof. The first equality in (3.49) is obtained by using identity (3.42). The second and third identities
can be derived as follows,

L))y =er-T(v) -ej=er-(v-Cv)- ey

=(e;oOV):C:(e;ov)=e; (Cle;OV)) - v. (3.51)

The Voigt expression (3.50) is obtained by direct computation, see also [11, Equation 1.73].

3.4.3 Voigt representation of stiffness and compliance tensor

Relation between the Voigt representation of stiffness and compliance tensor The stress-
strain relation and the strain-stress relation? can be written in the form of the action of a dimension 4
tensor to a matrix such that, (3.21a),

o=Ce, e=So, (3.52)

and are in Voigt representation,

F=CD'?d, 2=SD'%F,

—-1 = (3.53)
=7 =|(bHh~'c DOH'|DlC7.
This gives us the definition of the compliance tensor S in Voigt notation:
S = (ph=t(@©)Y(ph' = (ptCcDhH Tt = (iCh) L. (3.54)
We thus obtain a relation between the Voigt representation of C' and S,
s = (flch1, st = (€)™, (3.55)

9 ; _ _
Precisely, these are o;; = Zk,l:l,z,s Cijki€kl and g5 = Zk,l:1,2,3 SijklTkl-
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3.4.4 Integration by parts identity
With test functions x € V}, and w € Uj, from (2.24), the identity for the integration by part,

/V5V:X:7/V~V~X+/ vVOv:x, (3.56a)
K K oK

/K(V'Ce)'w:—/Ke:CVSW—i-/ v-(Ce) w, (3.56b)

0K

writes as, using Voigt and Kelvin notations,

t Y=_ [ v. - v - % .57a
/KA(ax)v-x_ /K A(@x)xTJr/aKA() Al (3.57a)

/K (A(ax) ict ?) W= _/K? ICTA@) W+

We reunite these two identities in matrix form,

/K KA((?,S ict At(az)p_1> (p?v) ' (75;) T /K (p?v) ' <p12(ax) < %(a’()j (%j)
Lullwre "))

3.4.5 Relation of quantities under rotation

<A(u) ict ?) ‘w. (3.57b)

(3.58)

Notations The basis vector of Cartesian coordinates is denoted by (e, ey, e;). In a second coordinate
system, the orthonormal basis is given by the ordered set (&;,€,,€.). We introduce the matrix R whose
columns are the components of these vectors in original basis,

éam éyx éz;c
R=(vj)i=|Cay &y €|, and &= vjie; . (3.59)
é:vz éyz ézz J
We also have that R is orthonormal,
R =R (3.60)

In the following discussion, we use over-script ‘~’ to distinguish the coordinates of vector u and of
symmetric tensor ¢ in these bases; specifically,

3 3
u=> uje; =Y i;é;, (3.61)
j=1 j=1
and
3
o= Zajjei(aej + 2093€3 ®eg+2013€1 ©esg+2012e1 O ey
j=1
3 (3.62)
= 5j8 ©8; + 20238 © 83+ 201361 O 83 + 261281 O &;.
j=1
We gather the coordinates in vectors and matrices form, for ¢,j = 1,2, 3,
In Cartesian basis, u= (u;), o= (o), €=/(€;), a=(pu), C=(Cijm), (3.63)
_ - 3.63
In rotated basis, u=(u;), 6=1(0y), €=(&;), q= (;ﬁ) . C = (Cijri) -
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Bond matrix Given 3 vectors v;,i = 1,2, 3 we define the following operators M and M which create
a 6 x 6 matrix whose row columns are given by v; ® v}, respectively v; ® v} (cf. notation in (3.16)),

S\t
(01 @01T)

t
f o t
t (Ul ®U1)

, M(v1,05,03) := : ) (3.64)

)
T)t
) )
)

|

<
©
N

200

<
w
Ql
<
w

+
MT(”la 027 03) =

|

Gl
©
<
w

2

J

+

<
O]
=)
w

1

t

J

+

53
©
5
[

(o1
We then define operators M' and M for a 3 x 3 matrix R = (r;;); j=1,2.3, that will act on its column
vectors,

MT[R] = MT<C1,C2,C3>, M[R] = M(C17C2,C3),

i (3.65)
where ¢; are column vectors of R, i.e.,c; = (:g:) .
They are related to each other by
MIR] = MT[R] (D")~!. (3.66)
We then define the Bond matrices M and N associated to the orthonormal matrix R (3.59) as
M := M'[R], N := D'M(D")~!. (3.67)

Remark 3. By its definition, N is obtained from M by the multiplication of the last 8 columns by %
and the last 3 rows by 2. Their components are also explicitly given in [11, Equations (1.54) and (1.56)].
Note the difference in notation with [11] that the matriz a given in [11, Equations (1.52)] corresponds
to Rt. On the other hand, M is built with the row columns of matriz a in the notation of [11]. In fact
by direct inspection of the components of N, ¢f. [11, Equations (1.55) and (1.56)] keeping in mind the
difference in notation, we obtain another description of N,

N’ = M[R"]. (3.68)

As a result of Remark 3, IN written here by its transpose has two defining expressions. Thus the Bond
matrices M and N can be written as.

M= M[R], N'=M[R!=(D")"'M'D'. (3.69)
They are further related by the fact that the inverse of one is the transpose of the other. This fact is
stated in the following proposition.

Proposition 4. For a 3 x 3 orthonormal matriz R, and the operator M' defined in (3.65), we have the

following identity
1

(MIR]) " = MI(RY). (3.70)

This above result takes the following equivalent form,
M~! = N' = MI[RY = (D)~'M'DT, (3.71a)
N = M = (MIR) . (3.71b)

Proof. Tt suffices to prove (3.70) since (3.71) is just an equivalent rewrite of (3.70) in terms of the Bond
matrices M and N using (3.69). To establish (3.70), we will use the notation of the Bond matrices:

M= MIR], Nt=MIRY.

We thus need to show that
MN! = N'M = Idg.

The key ingredients are the orthonormality of the column vectors and the row vectors of R = (tij)ijzl
which are respectively denoted as ¢; and v, i.e.,

for k=1,2,8, e =(vy),, v=(t)_, - (3.72)
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Left inverse We evaluate the expression MIN? which is first rewritten as
MN' = M(D")~"'M'D' = (M(D")"'M") D' . (3.73)

It is thus equivalent to compute the value of

7 := M (D) M = MM, (3.74)
where, R ~
M := M(D")~! A M = M(R). (3.75)

Its transpose is described by column vectors v; © v,

M'=(D")"'M'= (b, 001, b, 003, B3O b3, 0y O3, B O B3, ) ©0y) - (3.76)

We also denote the components of M and M by m and m, i.e.,

M = (mIJ)LJ:Lm;G s M = (rﬁl‘])["]:l’.”ﬁ . (377)
The components of Z are the vector products between a row vector of M and column vector of M,
- — s ——
Iy = (mlf)f:l,...,G ‘ (ij)j:L...,ﬁ = ogh-g0dq. (3.78)

In the above expression, we have used Voigt identification (3.3) to relate I «» {i,7} and J <> {k,(}. Due
to the symmetry in the last expression, we can assume that

1<j, k<I. (3.79)
Next recalling identity (3.20) for contraction between two symmetric matrices, we have

Iij=¢0¢ 1 ¢0¢ = ¢ (;0¢) ¢ . (3.80)

with assumption (3.79)
Since ¢; are mutually orthonormal, we have ¢; - ¢; = d;5,

_ Okidji + Ok;jdu

Irs 5 )

together with (3.79). (3.81)

We next investigate the values of Z;; off and along the diagonal.

Case 1: I # J. In this case, we have

i1#£k or k#£I1. (3.82)
This is equivalent to
5ik =0 or 5jl =0. (383)
Each of the above statement leads to the following implications,
(5” =0 , or
0 =0 = 3.84
¥ {6li:1:>k<i§j: 5k =0. (3:84)
Similarly,
0r; =0 or
§ii=0 = ’ 3.85
i {6jk:1:i§j<l: 51 =0. (3.85)
Substitute this into (3.81), we thus arrive at,
Zrg=0 when I#J. (3.86)
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Case 2: I = J. In this case, we have
1=k and k=1. (3.87)
We distinguish further two cases: d;; = 1 or d;; = 0, each of which has the following implication,

bp=1=>i=j=k=1 éI:JG{l,Q,S} and Z;; =1,

3.88
Sy =0 = I=J¢€{3,56} and T;; =} (3.88)

The identities (3.86) and (3.88) give that Z is a diagonal matrix with
7 = diag (1,1,1,4,4,1) . (3.89)

Since multiplication to the right with DT has the effect of multiplying the last 3 columns by 2, we thus
obtain the identity
ID' = Idg. (3.90)

Right inverse We next show N'M = Idg. This follows in the same manner as that for the left inverse,
however exploiting this time the orthonormality of the row vectors t; of R. We thus first rewrite expression
N'M in a form similar to (3.74) by introducing H,

H:=N". (3.91)
Additionally, from expression (3.69) we have

H = MR = M (¢, 10,13),

and H= (D")"'M'DI = H'=(D")M(D"H™' = M'= (D" 'H'D. (3.92)
The expression N*M is rewritten as,
N‘M = H(D")"'H'D' = (H(D")"'H') D'. (3.93)
Similarly as before, we first evaluate the expression in the last parenthesis,
J:=HDOH 'H'=HH', where H:=HD' = MT(R!). (3.94)
The components of matrices H and H are denoted as
H=(hs); o, 6, H= (EIJ>LJ:LW’6 . (3.95)

The definition of their components are defined in a similar way to those of M however in terms of the
row vectors of R. Similar to (3.81), we have

—
Jrg = (hff)i:L...,ﬁ ) (th) je1 6 v © th O, (3.96)

where the indices are related by Voigt identification (3.3), I + {i,j} and J « {k,i}, I <> {i,j} and
J < {k,l}. From this point on, the same argument goes through to obtain

J =diag(1,1,1,3,3,3) = N'M=7D"=Ids. (3.97)

O

Proposition 5. For matriz R whose column vectors form an orthonormal basis v,t,t, i.e. R = (1/, t, f:),
its associated Bond matriz M = M[R] satisfies the following identity

R'A(W)M' =A;, where A;:= (

S O =
o O O
o O O
o o o
v O O

) and A(v) defined in (3.13). (3.98)

o= O
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Proof. We will show identity (3.98) column by column. We thus compute the J-th of the right-hand side
of (3.98) and show that it takes the value of the corresponding column vector of A;. If we denote by v
the row vector of M which is the column of M?, then

VJZCiQCjT7 with i < j. (399)
The J-th column vector of (3.98) denoted by w, is given by
w = RIAW)v,. (3.100)

By identity (3.18) we have,

— — 1
A(V)VJ = A(V)Ci ® ch = AT(V)Ci © ch = (CZ' ® Cj) V= 5 (ciéjl + cj(sil) . (3101)
Substitute the above expression into (3.100), we obtain,
1 014 015
Wy = RtA(V)V_] = 5 5]- bo; | + di1 (52]' . (3.102)
03 03

The right-hand-side of (3.102) is nonzero only when j = 1 or ¢ = 1. In these cases and under the
assumption ¢ < j, it can take the following values,

i=j=1= J=1 :w,=(1,00),
i=1,j=3 = J=5 :wh)=(0,03)", (3.103)
i=1,j=2= J=7 :w

O

Relation between the components in two coordinates The Bond matrices are used to describe
the relation between the components (3.63) in two coordinate system®?,

g

al

i =R, — Mo, &=M?e=M?. (3.106)

From this, we obtain the relation,

= (2)-(2)- () e

and the stiffness tensor in Voigt notation is, cf. (3.7) and (3.10),

|

C=McCM, iCl=NICIN =M ict M. (3.108)

10This can be seen as follows.

U ::u-éizu-eriejzz:rﬁuj = ﬂ,:Rtu. (3.104)
J J

The relation for components of o is as follows,

&Dtﬁ = ég -0 éa = ( E tigei> -0 E Tia€j = E g tja€; - 0 - €5 = E Uig Yia Oij
i J 4,7 %3

(3.105)

def of contract with (3.20) — -
= 3Rty O = =" 1130t -0

s SN TOR NI
contraction symmetrix matrix

Finally, recall that matrix A and vectors u, v, with Au = v we have v; = [RA]; - Au where [RA]; is the i-th row vector
— —= .
of matrix A. Since tg ©® to | is exactly the row vectors of M, the above computation gives & = M©7. Bond matrix is

also given in [11, p. 11], and [11, Eqn 1.53-1.54] gives the relation between components of o and € in original and rotated
coordinates.
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The first expression also gives B
C=M'!'CM". (3.109)

In employing Proposition 4, we also have the following identity:
c = MR & (MI[RY])' =N € N. (3.110)

3.5 [Elastic isotropy and transverse isotropy

Using the Voigt notation, the elasticity tensor C' can be represented as a six-by-six matrix C. With the
elasticity tensor symmetric, it leads to 21 independent coefficients, [11]. Nonetheless, its structure can
be simplified depending on the assumption on the medium, and we consider here elastic isotropy, vertical
transverse isotropy (VTI), and tilted transverse isotropy (TTI).

3.5.1 Isotropic elasticity

e The stiffness tensor for an isotropic elastic material has the following form,

Cio = (Cijkl) , with Cijkl = [ (5zk 5jl + 04 5jk) + )\5@‘ Opl; (3.111&)

A

—————0;; O - 3.111b
2u(3X +2p) ¥ M ( )
Here the two degrees of freedom are given by Lamé parameters A and p. They can also be defined in
terms of the equivalent set of parameters: the Young modulus F and Poisson coefficient (ratio) defined
as,

Siso = (8ijk1), with sip = (0i 01 + i1 ) —

1
4

(BA+2u)p o A L A
Ap 2N+ ) E  2u(3\+2u)°
Introduce the P- and S-wave speed, which we see below related to the eigenvalues of the KC matrix,

A2
cp = 4|22 cs = /B, (3.113)
p p

e The constitutive law (2.8b) simplifies under linear isotropy as,

E:= (3.112)

o(x,w) = A(x)Tr (e(x,w) ) 1d + 2 pu(x) €(x,w), elastic isotropy, (3.114)

where Tr denotes the trace and Id the identity matrix.
e By identification, (3.7), their Voigt representations are,

1 v v
Effffo 0 O
v 1 v
M2 A A 000 “E E E O 0O
_ A A2 X 000 _ v v 1 0 0 0
o A A A2 000 _ | "E"E E
Clso* 0 0 0 w00 9 Slso* 0 0 0 1 0 0 ) (3115)
0 0 0 0po 4pn
0 0 0 OOM 0 0 0 OLO
dp
0 0 0 0 0 -
4p

By direct calculation, we note that 5150 and g’iso satisfy relation (3.55), with the upper left 3 x 3 block
of Siso being the inverse of that of Ciso.
Proposition 6 (Kelvin—Christoffel matrix for linear isotropy). Under linear isotropy, the Kelvin—Christoffel
matriz Tiso (V) is,

Tio() =pld+ A+ p)v@v =p(cgld+ (cp —cdlvav) . (3.116)

Its eigenvalues are = pc3 of multiplicity 2, and A+ pu = pcd of multiplicity 1. Additionally, their values
are independent of direction v.
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Proof (version 1). We start from the action of isotropic stiffness tensor,

Clisoy =20y + A(try)ld. (3.117)
For symmetric v = v ® w, we have
CisoVOW =2uvow + Av-w)ld, (3.118)
We have
CioesOv =2ue;0v+ivyld = (Cisoer Ov)-v=puwry+ey)+ Avyv. (3.119)

Using (3.49b), this gives,
I'(v =er  (CisolegOv)) v
LW)]rs = er- (Cisoles ©v)) (3.120)
= p(vivy +0r5) + Avpvy = pdrg + (n+ Nvrvy .

O

Proof (version 2). We can also work with identity (3.42) to obtain the expression for the KC matrix.
The whole matrix is then defined in terms of matrix-matrix product and matrix-vector product, by using
the expression in Voigt notation of the stiffness tensor, cf. (3.115) and recall definition of A(v) in (3.13),
and its explicit expression is

v, 0 O
0 v, O
(A 2p)vy Avy Ay 0 2pv. 2uvy Y
r 1
ﬁ = — Avy (A 2p)vy Avy 2uv, 0 2pvg 8 i Z (3121)
P P Av, Av, (A 2p)v. 2pvy 2pv, 0 v, 8 i
V2y Vg (2)
2 2
Note that A 4+ p = A+ 2u — p = p(cd — cZ) using (3.113), hence,
r c%yﬁ + c% (1/5 + 1/3) (clz;. — c%) Vzly (c% — c%) VgV
% = (c% — C%) Vg ly 012;.1/5 +c2 (1/% —+ 1/3) (012) - c%) Vyls . (3.122)
(c% — c%) Vg Vs (c% - c%) VyVs cEv? 4k (1/5 + 1/3)
By writing the diagonal as, e.g., cv2 + 3 (Vﬁ + 1/22) = (¢ — c)v2 + c2|v|?, we have
r l/i VgplVy Vzlsz
L) =cElv)PId + (B —c)| vers 2 v | =CEPIld + (B -E)vav.
p VgV Vyls 1/3
O

3.5.2 Vertical transverse isotropy (VTI)

Vertical transverse isotropy (VTI) refers to the family of linear elastic materials that are rotational sym-
metric around e,. Their stiffness tensor in Voigt representation is given with five independent coefficients,
cf. [11, Equation (1.39) in Subsection 1.2.1],

ci1 c11—2c6 c13 0 0 O

C11 — 2066 C11 C13 0 0 0

= c c c 0 0 0
Cyrr = (1)3 (1)3 83 cu 00 (3.123)

0 0 0 0 cu O

0 0 0 0 0  ces

Positive definiteness of C requires that

c11 > |012| R (Cll + 612) c33 > 26%3 , Csp > 0. (3124)

A description of planewaves sustained in VTI materials is further given in Appendix A.

RR n° 9533



26 H. Pham & F. Faucher & H. Barucq

Thomsen’s parametrization of VIT As an alternative to prescribing directly the values of ¢;;, VTI
material can also be described in terms of the (unitless) Thomsen’s parameters [54], which quantify more
clearly the level of anisotropy in a VTI material. Their definitions in terms of components of stiffness
tensor are:

ap = Vess/p, vertical P-wave speed, (3.125a)
Bo = \ess/p, vertical (or horizontal) S-wave speed , (3.125b)
C11 — €33
= = 3.125
¢ 2033 ’ ( C)
(013 + 044)2 - (633 - 644)2
5 = , (3.125d)
2¢33(c33 — Ca4)
N = % (3.125¢)

The planewave analysis and Remark 13 in Appendix A explain the meaning of parameters «g and fy,
which are speeds of true P- and S-planewaves propagating along vertical axis e,. To encode this signifi-
cance, we can represent o and [y with AT! and p!, called here TI-Lamé parameters,

TI A\TI 4 9,TI
cs3 = AT+ 20 e55 = p™t, equivalently oy = i ., Bo= A e . (3.126)
p Vo

In short, the Thomsen’s parametrization can be given in terms of

(p7 Qo , 60 ) €5 67 7) ) or equivalently (p7 )\TI ) IU/TI ) € 67 ’7) : (3127)

TI

Conversely, given a set of TI-Lamé and Thomsen’s parameters (p; AT%, uT%, €, 6,v), the components of

stiffness tensor can be retrieved as follows,

crn = AT 42T (1 + 2¢), (3.128a)
cz3 = AT 2™ (3.128b)
caa=cs5 = p', (3.128c¢)
cee = it (1+29), (3.128d)
ers = — ™ 4+ J(NT 4 T2 - 26(ATT 4 24T (ATE 4 i) (3.128¢)

See Remark 5 below regarding the choice of sign for ¢;3.

Remark 4. In isotropy, we have c11 = ¢33 , Cg6 = Cqqa anNd C13 + C44 = C33 — C44. This means that
e =90 =~ =0, and VTI reduces to isotropy. In another word, the deviation of €, § and =y from zero
indicates the deviation from isotropy, that is, the level of anisotropy. We further note the following case
of anisotropy:

Weak anisotropy: lel, ||, |v] < 0.2, (3.120)
Elliptical anisotropy: e€=19. '

Remark 5. Ezpression (3.128) for c13 is obtained by solving the quadratic relation (3.125) with a choice
of sign so that when § = 0, one can retrieve isotropy, specifically, c13 = A\T' when § = 0.

The Kelvin—Christoffel matrix for VTI material is obtained from Proposition 3 by replacing the
expression of the stiffness tensor with its VTT form (3.123).

Proposition 7. For a VTI medium, the Kelvin—Christoffel matriz T'yri1(v) is given in symmetric matriz
form as

2 2 2
C11 Vy + Ce6 I/y + Cs5 vy (013 + C55)l/yl/z (013 + 655) VplVsy

FVTI (I/) = 8661/2 + c11 I/Z + Cs5 Vg (611 — 666) Vg Uy y (3130)
css (V2 + V;) + ¢33 V2
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and in form of a matriz-vector product as,

€11 Ce6  Css 0 0 0
Ce6  C11  Cs5 0 0 0
—g C55 C55 33 0 0 0 ¢
Dvow) = | o o 0 0 S vov . (3.131)

0 0 0 0  aufes
0 0 0 Gstew 0 0

3.5.3 Tilted transverse isotropy (TTI)

Tilted transverse isotropy is the name for linear elastic material having rotational symmetry around an
axis, denoted by unit vert erisym, which is not parallel to e,. TTI is related to VTI by rotation. This
means that by a rotation so that e, points in the same direction as erisym, the stiffness tensor in the
rotated coordinates takes the structure of a VTI tensor in the rotated coordinates. Denote by Crpry the
stiffness tensor of a TTI medium.

— Representation in Cartesian coordinates: by abuse of notation, we also denote by Crr the tensor
whose components are the coefficients of Cpry in Cartesian coordinates. Use this to denote its
Voigt representation and tensor form,

5 -
Crrr = (c};,{})m pie1 > Crm (3.132)

— Representation in rotated coordinates: we denote by (ez, ey, ez) the coordinates after rotation. The
components in rotated coordinates are denoted by, cf. (3.137)

ol
Qll

~ 3
= (Cijkl)hj?k,l:l ) (3.133)

Their relation is given by identity (3.110), which will be exploited to compute the quantity in (3.132)
from their VTI structure cf. (3.137) in rotated coordinates.

0-TI Suppose the rotational symmetry axis in (e,,e,) is

sin 0
€TIsym — 0 s —T S 0 S . (3134)
cos
The Cartesian basis is rotated to,
cosf 0 sin 6
ez = 0 , €5 =€y = 1 ; €z = €TIsym — 0 . (3135)
—sin6 0 cosf

Note the above vectors are described in Cartesian coordinates. Define

cos 0 siné
Rg = (ej,eg,eg) = 0 1 0 s
—sinf 0 cos6
) (3.136)
cosf 0 —sinf
Ry=R,'=Rg=| 0 1 0
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In coordinates with axes (ez, ey, ez), the Voigt representation of the stiffness tensor of -TI takes the
form of a VTI tensor,

€11 Ci1—2G6 €13 O 0 0
C21 C11 ciz O 0 0
= | cs Ci3 csz O 0 0
c=1% ! S (3.137)
0 0 0 0 ¢Caa O
0 0 0 0 0 Ces

In using identity (3.110), the 6-TT stiffness tensor in Voigt representation in Cartesian coordinates is
given by,

Corr = My € Mb,  with My := MT[R] and € given in (3.137). (3.138)

Recall from its definition MT in (3.65), M, (6) is defined with the columns of R}, (equivalently the rows
of R()),

1 t

t
)
T) k cos 0 0 —sinf

¢, with v = 0 , o= 1], v3= 0 . (3.139)
T) sin 6 0 cos 0

¥ t

|

T

-
hr
©
s

)
QJ
ey

g
QJ/
g

Mg = MI[RE] =

)
|9
g

| SNOR £
>)t

o

TN N N N NN

In expanding out components of the row vectors, we retrieve the same matrix as in [11, Equation (1.195)],

cos? 0 0 sin?@ 0 sin(20) 0
0 1 0 0 0 0
sin” 6 0 cos®6 0 — sin(26) 0
M, = 0 0 0 cos 0 —sinf (3.140)
—1sin(20) 0 3sin(20) 0 cos(26) 0
0 0 0 0 0 cos 6

Remark 6. Equations (3.138) and (3.140) also agree with [11] in using equations (1.58) and (1.195).
When B = T, we obtain the Horizontal Transverse Isotropy (HTI) tensor, [11].

General Transverse Isotropy Suppose the rotational symmetry axis is in Cartesian coordinates

sin 0 cos ¢
eTisym = | sinfsin¢ (3.141)
cos 6
The Cartesian basis is rotated to
cos 6 cos ¢ —sin ¢ sin 6 cos ¢
e; = [ cosfsing | , e;j=| cos¢p |, e;=errym = |sinfsing | . (3.142)
—sinf 0 cos 6
Define
cosfcos¢p —sing sinfcoso
Ro,4 := (ei,eg,eg) = | cosfsing cos¢ sinfsing | ,
—sinf 0 cos 6
) ) (3.143)
cosfcos¢p cosflsing —sinf
Ré,qﬁ =R_g,—¢ = Réﬂﬁ = —sin¢ cos ¢ 0

sinfcos¢ sinfsing cosf Inria
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In Cartesian coordinates, the Voigt representation of a TTI stiffness tensor is given using identity (3.110),
now with My 4 defined in (3.65) with the columns of Rf, ; (i.e., rows of Rg,4),

. cos 0 cos ¢ cos 0sin ¢
v = —sin ¢ , ta = cos ¢ ,
¢ sin 0 cos ¢ sin 0 sin ¢

, with (3.144)
. —sinf
T Ol t3 = 0 .
s A\t cosf
(tl © tQT)

We summarize the results in the following proposition.

My, := MR} 4] =

Proposition 8. The components in Cartesian coordinates of a TTI stiffness tensor Crr1 with
rotational axis symmetry eTisym = (sinf cos ¢, sinfsin g, cosh)’, are given as follows.

il

- With My, defined in (3.144) and C in (3.137), its Voigt representation is,

Crr1 =My, C M}, (3.145)
— Equivalently, with r;; denoting the components of rotation matriz RtM) = (rij)i,j=1,2,3, components
of its form as a fourth-order tensor is

3

TTI <VTI
Cijkl = Z Vip Vg Tkr Tir Cpgrs - (3.146)
pyq;78=1

Proof. Tt remains to prove identity (3.146). Under Voigt representation (3.7),

[éTTI]IJ = C;Fj};ll, (3.147)

with identification (¢,7) <> I and (k,[) <> J under (3.3). By the definition My 4, if we denote by v the
I-th row vector of My 4, and by v; J-th column of its transpose, i.e. equivalently, J-th row vector of
Mgy, 4, then

vy :I‘i@th7 vy ZthtlT. (3.148)
We start with the expression given by the left-hand-side of (3.145),

= 3.145 > - — = —
[CTTI]]J (IZ)V['C‘VJ :tiQth'C‘thtlT (3149)
622 v, Ot; :C:v;jOy = lhsof (3.146).
This combined with (3.147) gives identity (3.146).
O

4 Discretization of HDG problem

In this section, we give a complete description of the HDG discretization for the elastic problem (2.36)
and (2.39) for the formulation (u, o)s with unknowns (u”, ", Ay ), the formulation (v, a)g follows the
same step, see Remark 8. In the HDG method, the numerical flux plays the role of the global unknown.
Here, we obtain linear systems which are satisfied by the coefficients of these unknowns with respect to
the chosen basis for the local function spaces Uy, V3, and M, introduced in (2.24). The matrix form of
the local and global systems will employ Voigt formalism developed in Section 3. This helps exploit the
block structure of the system, and enables matrixification and optimization of the direct solver.
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4.1 Notations

Local and global indexes of an edge We recall from the initial discussion in Subsection 2.3, |X};]| is
the number of faces in the mesh and |7,] is the number of elements in the mesh. An edge F € ¥}, can be
referred to in two ways,

1. as F¥ with 1 < k < |%},|, here k is the index of the face in the ordered set Xy,

2. as F&0 with 1 < e < |Tnl, 1 < € < n§,.,, when it is considered as part of the boundary of an
element K¢, and £ is its index among the set of faces of K¢. Note that ng, . is the number of edges
in element K€, for instance four with a tetrahedron.

We denote by f the mapping which relates these local and global labels of an edge:
fo (e0) — k= f(e,f), where F©&O = FF, (4.1)

Local Basis functions We have three groups of basis functions for the local finite element spaces
introduced in (2.24),

basis functions for U, (K€), 1 <e < |Th| : 5, 1<j<ne,;
basis functions for V;,(K°), 1 <e <|Ty| : w;, 1<j<mg, (4.2)
basis functions for Mh(Fk), 1<k<|8] j’?, 1< <.

We have denoted by
n. : dimension of basis of Up,(K*°); (4.3)
m, : dimension of basis of V;,(K°); (44
fi, = fi(e,p : dimension of basis of Mj,(F*) = M;(F(¢).

Also denote the total number of face degrees of freedom in each direction I by,
||
ifp=fH=Y f. (4.6)
k=1

Volume discrete unknowns With formulation (u, o)g, the volume unknowns are the approximations
of the displacement vector field u and of strain tensor o on each cell K¢, 1 < e < |T|. For the
displacement we have,

Ne
u" = Z ul &7,  with u?|Ke:Zu§j 5, for I=wy,z2. (4.7)
j=1

a=1,y,z
For the strain tensor, we work directly with its Voigt representation as a vector of length 6, cf. (3.39),
on = 203’33 — o = Zagég,

JE€Lsm JE€Lsm
(4.8)

Me
. h ~
with J‘{‘KE = E v§; 5, for J € Lsy .
=1

Above we use é; for I = z,y, z the unit Cartesian vector in R?, and E3 for § € Zgy, for unit Cartesian
vectors in RS with Zg, the ordered set (3.3). We gather all volume unknowns into vector W such that,

e . e U
w= (W )ISeSIThI ,  with W¢:= (Ve)

(4.9)
and U°= (U?)I:w,y)z , V&= (Vg)aeLm ,
Their corresponding sub-blocks are given by
Us = (u‘;j)jzlmne , V5= (vgj)j:17___7me . (4.10)
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Edge discrete unknowns Unknowns defined on the edges ¥; are numerical approximations of the
trace of the displacement u on the edges 3. Specifically, on each edge F¥, k =1,..., A,

fig
Aw= Y Arer, with Al =D Af &b (4.11)
=1

Ie{z,y,z}

Gather these coefficients into global vector A which has the following substructure,

A= (AY) 0 Wi AR () and AF= () (4.12)

1<j<fp

Remark 7. The above expressions are written in global edge indices. Using (4.1), it can also be written
in terms of the local edge indices, specifically for k = f(e, £), that is, (e, £) is identified with k, then

FE=Feh 209 =0 dled = where k = f(e, €) . (4.13)

j Y

4.2 Discretization for elastic wave formulation (u,o)g
4.2.1 Discretized local problem

From (2.36), we write the local (on each mesh cell) variational formulations for the equation of motion
and of constitutive law, with test-functions ¢ and p:

& - Tu(uy — Ap)ds, = /f-adx, (4.14a)

e

—wQ/Euh-adX— /Q(V'Uh)'adx+

OKe

/ o’h:S:@dx:—/ u;,V-@dx—F/ v-U- A, dsx. (4.14b)
e e aKe

Equation of motion We integrate the equation of motion (4.14a) against test functions
(b:d)féla Ijxay;ZISiSne- (415)

The two volume integrals are discretized as,

/ePWQUh'QTféIdX = WZZU?J /Kepqﬁifqudx; (4.16a)
j=1
/ (V-on) dferdc 2" 3" Zc </ ¢>§AT(V¢;)dx> ey (4.16b)
JE€Tem Ke
while the boundary integrals are written as
. nface
Ger Tudsxy = > > Z us; / 71 % ¢S dsx ; (4.17a)
oK« (=1 J=z,y,z j=1
nface
Per - Tuldsy = Z Z Z )\(e -6) / legfﬁj(e’e) dsx . (4.17b)
oK (=1 J=z,y,z j=1

Constitutive law We integrate the constitutive equation (4.14b) against test functions, cf. (3.37) and
(3.36) for notation,

= — .
\I/:/l/)f €5 o H, X v :¢$é37 forjel—sma 1 SZ S Me, (418)
Voigt identification
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the two volume integrals are discretized as

/ on-S-Tdx 2 3 S 08, ey ( / wgw;@w) ey (4.19a)
e Ke

I €Lsm j=1
Ne
/ uh~V-(Eéj)dx(3é0) S, éJ-( e AT(wa)dx>-é3. (4.19b)
¢ J=z,y,z j=1 Ke

The boundary integral is discretized as,

Nface
(€,0)
/Me” . Ahdsx_z Z Z/\ <

(=1 J=z,y,z j=1

el gyped dsx> &y (4.20)
F(e, o) :

Discretized local problem in matrix form Using the above expressions, we arrive at the discretized
problem defined on each element K€,

A°W° + D¢ A°® =S¢, for 1 <e<|Tgl. (4.21)

The upper row blocks of A® and D¢ correspond to the discretization of the equation of motion (4.14a),
while the blocks of the second row are related to the constitutive law (4.14b),

—w2ME + M _Ke _Dgg,l) . _Dg’ngacc)
AC = u o 7], D= . . (4.22)
K¢ — Mg, DY ... DM
The components of the sub-blocks matrices are given below. The source of (4.21) comes from the volume
source f of equation of motion (4.14a),

S¢ — (0 Sin ) S = (mSY) mpy. s ST = (. 0fer), 1<i<n,. (4.23)
( 1Y

6m.)x1

e The upper left block of A¢ in (4.21) is given by matrix M¢ which has a 3 x 3 block structure and is
block-diagonal'!, the definition of its components comes from (4.16a),

0ne><ne7 fOfI?éJ;

MG = (M) gmay,s - 15 = _ (4.25)
1J)I,J=1,y, 1J [ ?Ie]ij:/ P¢f¢§dx, for[:J’ I::c’y,z
; e

On the other hand, matrix Mg has a 3 x 3 block structure, where each block is a matrix of size n. x n,
the definition of its components comes from (4.17a),

Nface

e __ Oe : 3 e
MG = (M79); _pye s With [ Z /F(e ,, 719 67 65 daxc. (4.26)
Finally, matrix K¢ has a 6 x 3 block structure!?, the definition of its components comes from (4.16b),
K = (KSS) 1—aye with  [KES], = &1 < / 57 ATV dx> .
KE

3618111
= > (AL)H/ ¢ Dot dx.
Ke

aA=T,Y,z

(4.27)

11 We write out explicitly the block structure for M§ and Mg
MS with 6 diagonal blocks M Wlth J € Zsm,

Muc 0 0 M2s  MZ5 MIs
ME=( 0 M2 0 |, M= [MI M§e MI¢| . (4.24)

vy
1] o o
MZz Mz M2

; compared to M,

& one has a similar diagonal structure for

u’

0 0 MU

12This is the transpose of the row block of Kye in Footnote 13
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In the blocks of the lower row of A®, matrix MS consists of 6 x 6 blocks with each block a matrix of
size m. X m,, the definition of its components comes from (4.19a),

Mg = (M35) ) yep - with [MS5]..=e; - < /K DEYS @dx) ey,

_ (4.28)
_ / 0y {TST} dx.
Ke 33
If the compliance matrix is constant on each mesh cell, then
LESI [Tsf] P US dx. (4.29)
33 JKe

On the other hand, matrix K¢ consists of 3 x 6 block!3, the definition of its components comes from
(4.19b),

KS = (KYS) ez, with [5‘3@—@-( o AT(VW)dX)‘és
Ke

J=z,y,z
=) (AL)M/ ¢S Oathy dx.
K&

a=x,y,z

(4.31)

e For matrix D¢, the upper row blocks are made up of sub-blocks Dﬁi’@ which consists of 3 x 3 block
structure (similarly to M§) with components given by (4.17b),

D! = (wD}") . with  [wDf57] = / 71y GE 0 dsy (4.32)
ij  Jreo J

I,J=x,y,z

e In the lower row matrix D¢, DE"*“ has a 6 x 3 structure such that,

e el
D = (D5) sz, - (4.33)

J=z,y,z

The definition of its components comes from (4.20),

ij Fle.0) J

where & -e5-v®9) = Af(p(©0) ;5 = Z v [AL]g -

a=T,Y,z

(4.34)

4.2.2 Discretized problem for the edges
We recall from (2.37) the approximate condition imposed on Neumann boundary and interior interfaces:

||
Z/ (V'O’h~E—E-Tu~(uh—Ah)) dsx = 0, V&€& Mp(Tin UXN). (4.35)
= Joken(SimUsy)

Using as test functions & = EZ-(Q’Z) é1, the integrals in equation (4.35) take the following form,

.ok . e gg. B2 me Al / @D e AT (D) ds ) - 6 136
/Fw)é Op "V Sx Z Z(faﬂef F(M)fl Y5 AT (') dsx 3 ( )

JE€Lsm j=1

e

13We write out explicitly the structure of K&

, the structure of K¢ is the transpose of this block structure containing 6 x 3

blocks,
ue ue ue ue ue ue
Ka:,xac KJc,yy Kac,zz Km,yz Kac,acz K:c,acy
e __ ue ue ue ue ue ue
Ku= | Kyee Ky Kike Ko Ki: Kyay |- (4.30)
ue ue ue ue ue ue
Kz,:tac Kz,yy Kz,zz Kz,yz Kz,acz Kz,my
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The boundary integral is discretized in the exact same way as (4.17), and similarly for the condition
along ¥ .
The discretized problem on the interface 3 is

|7 I7]

> RL(B W +L RA) = > RLs. (4.37)
e=1 e=1

Both matrices B and L° have n, ., row-blocks, corresponding to face (e, ¢). Within each (e, ¢) block-row,
j-th row is obtained by integrating test function

E’F(E,Z> = 5](6’[) ér, withl=uxy,z. (4.38)
The columns of B¢ are grouped into Bﬁf’@) and B,(,e ’Z), while L® has diagonal block structure
_glen Bl L o 0 0
_ . 0 L2 o 0
B¢ = : : , L= ) . (4.39)
(e glemtuee) oo 0
—By et Bg e 0 0 0 LEnhe

e For each (e, (), matrix B consists of 3 x 3 blocks!4,
e £
B(=0) — (uggf] >) , (4.40)
I,J=x,y,z

with sub-block uBgeJ,e) of size Ay X ng; its components come from (4.17), for 1 < i < g, 1 < j < ne,

/ 71 €7 @5 dsx , FeH ey, USN U,
Fe) (4.41)

0 s F(e’e) €Xp.

e For matrix L°, the zero off-diagonal block is of size 3f; x fiy. Each diagonal block of L(¢9) consists
of 3 x 3 sub-blocks

L(e,é) — (L(572)> 4.42
M) r=ayz’ (4.42)
with sub-block L%’e) of size ny x m, and components: for 1 <, < ng,
/ TIJ §§e’o fg('e)e) dsx , F8) € S U Sy

Fle.0)

[L(e’ﬂ = (e.6) ¢(e,0) ab (e,6) (4.43)

Y “ /( 0 & gj 7 (TIJJ'_Z?JC) dsx, Flof e ¥ :
Fle.t
134, x 37 > Fle:f) ¢ 3p .

e On the other hand, the matrix B consists of 3 x 6 block structure!® such that,

Bgz,e) _ ( g(e:0)

oBPry

4.44
)I:x,y,z,ﬁefsm ’ ( )

with its sub-block ,,B(IEJ’Z) of size fix x fix having components given by (4.36), for 1 <i < ng, 1 <j < m,,

for F&9 exp, (4.45)

MGimilarly to MS and Mg, cf. Footnote 11
15Similar to K& cf.Footnote 13.
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while for F(¢9) € ¥, U SN U Sy,

85", = / &0 ws AT 1 ds
Vol Fle.d) /

with AT(V(E’K))IJ = Z l/&e,@ (Aj;)IC( .

a=x,y,z

(4.46)

Remark 8 (HDG with formulation (v, 0)g). The discretization of the formulation in terms of the velocity
instead of displacement, (2.27) and (2.30), follows the same step as above, with mild modification in the
coefficients of the matrices. Namely, we arrive at the discrete problem,

A°W*® 4+ D¢ A° =S¢ for1 <e<|Th|

[T [T 4.47
> RL(B W +L RA) =Y RLs. (447)
e=1 e=1

with matrices

iw M + Mg —K¢ _ple) o _pleniace)

A = , D= ) : (4.48)

—Ke —iw Mg, Dg&l) o Dge’nface)

and

-ByY  wByY LY 0 00

) , o L&» o 0
B® = : : , L= , (4.49)

(enfee) (enfce) 0 o 0

=Byl iwBg e 0 0 0 LN

The components of the above matrices are as given in Subsection 4.2, with the exception of

Mg, DWW, BYY, L

(4.26) (4.32)  (4.41) (4.43), (4.50)

for which a slight modification is made by replacing the notation of the stabilization, Ty by T .

4.3 Summary of the HDG formulations
We put together the discussion in Subsection 4.2. The HDG discretization (2.36)—(2.39) takes the fol-
lowing form with unknowns (W, A), cf. (4.9) and (4.12),

A°W® + D°R.A = S°, Ve=1...,[Tl. (4.51a)

7] 7]
3 R{;(Bewe + LSREA) =Y Ris, (4.51b)
e=1 e=1

with (4.51a) the local problem on K€. Problem (4.51b) can be reduced to one in terms of A, called the

global problem, that we write as,
KA =S, (4.52)

with global coefficient matrix and right-hand side given by

ITs|
K= RLK'R,, with K®:= —B, (A°)7' D + L.; (4.53a)
e=1
7]
S:=-) RLB.A;'S". (4.53b)
e=1
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In a summary, problem (4.54) is equivalent to,

We = — (A " (DR, A +S°), Ve=1,...,|Tul: 4.54
(451) o { (A) " ( + S°) e | 7| (4.54a)
KA =S. (4.54D)

This means that the HDG method divides the problem into two stages. Firstly, one solves the global
problem (4.54b) in terms of the trace A; secondly, the value of the volume unknowns W€ is retrieved
element-by-element with the right-hand side of (4.54a).

Remark 9 (Implementation with simplexes). In the case where the normal direction v is constant on a
face F(&0 | that is, with straight edges in 2D and plane faces in 3D, v can be put outside of the integrands.
This concerns the matrices

g, DO BEhH L) (4.55)

For instance, from (4.34) and (4.46), we have,

[cDg‘ejZ):| = AT(V(E’E))JS Jgé}(‘el) dsx ,
Y R0 (4.56)
[6'3563’6)] = AT / £ ¢ dsy..
ij F(e,®)
with
Al D)y = > Ve ALl with T=2y,2 J€ L. (4.57)
a=x,y,z

Remark 10 (Optimal convergence rate). Theoretical investigation for the convergence of the HDG
method for elasticity is well-established, e.q., for static elasticity [52, 24, 33, 47], and for time-harmonic
elasticity [/2]. In their numerical investigations, the authors report optimal convergence rate, that is,
order k + 1 for approximation polynomials of order k, for both the primal (displacement) and mized
unknowns (strain or stress). Optimal convergence rate k + 1 using approzimation spaces of equal order
for all unknowns are observed and confirmed in []9, Section 5.1], in particular their Figure 3 in 2D,
and Figure 6 for 3D, even in the incompressible limit, i.e., for so-called locking-free feature. Here, one
does not need the strategy of HDG+ for optimal convergence, cf. [/2], which employs different degrees
of polynomials for the primal, mixed and hybrid variables, and which also needs a projection operator.
This observation is also stated in [28] following [}3, Tables 6 and 7] for static elasticity. In these inves-
tigations, convergence rate is also compared with CG method, showing the higher rate for HDG method.
This optimal convergence of the mized variable is then exploited to obtain the superconvergence for the
displacement unknown.

4.4 Stabilization of the HDG formulations

The HDG discretizations, (4.14) and (4.35), are written in terms of the stabilization 74 and 7, respec-
tively associated with the formulations (u,o)s and (v,o0)g. These stabilization operators, Ty and T,
are key ingredients in the definition of the numerical trace of traction, we remind from (2.26) and (2.35),

oV = opv — Ty (Vi — Avn), variant (v,o)s, (4.58a)

Q
N
I

onv — Tu(up — Aun), variant (u,o0)g . (4.58b)
The stabilizations can be categorized into two groups,

— Group 1: one chooses or constructs a form for 7 associated with variant (v,o)s. Next, using
relation v = —iwu, the stabilization 7, is determined by,

Tu = —iw TV . (4'59)
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— In group 2, the stabilization 7, employs those derived for elastostatics, e.g., [52, 41]. The stabiliza-
tion 7 can then be obtained by the relation (4.59).

In Table 1, we give a list of variants considered in our work and analyzed in our numerical experiments
Sections 6 and 7.

Identity-based In most general form, stabilization operators 7, and T, are symmetric definite positive
matrices. The simplest choice is given by a multiple of the identity matrix,

Ty = 7ld Identity stabilization, (4.60)

with 7 a scalar number.

Kelvin—Christoffel matrix More complicated forms of stabilization involve the 3 x 3 Kelvin—Christoffel
matrix I' of Subsection 3.4.2. We remind its definition associated with a vector v:

'v) =v-C-v, with (v-C- I/)jk = Zl/i Cijkl VI, (4.61)

il

with definitions of its coeflicients given in Subsection 3.5. From the assumption on the stiffness tensor
C, I'(v) is symmetric and definite positive. It is thus diagonalizable with eigenvalues associated with
wavespeeds in elasticity (up to three), cf. discussion in Subsection 3.4.2. For isotropic elasticity, the well-
known speeds are the P- and S- wave speed, cp and cg, (3.113), and I'(v) has two distinct eigenvalues:
pcd and pc. For anisotropy, we label three positive eigenvalues, listed in descending order: pcgp, pc?lSl,
and pc?ls2. In our work, for anisotropic elasticity, we restrict to the case of three distinct wavespeeds such
that

pcip > pci51 > pciSQ. (4.62)

Hybridized Godunov stabilization From the construction and hybridization of the Godunov flux
(detailed in Section 5), the Godunov matrix Mgodunov is defined such that

Mgiso(v), for C isotropic
MGodunov(V) = . . . .- (463)
Mgani(v), for C anisotropic with 3 distinct speeds, (4.62).
The Godunov flux for isotropic elasticity is defined as (with normalized normal direction |v| = 1),
L'(v)
Magiso (V) = cpegld+ ——= ) = p(cgld+ (cp —cg)v @V
Giso(V) CP+CS(PS P ) p(cs (cp s) ) (4.64)

=p(cpld+(cp —cg) (v®@v —1d))

where ® is the tensor product (2.3). The derivation of the equivalent expressions is given in Subsection 5.3
which follows the method in [53]. For anisotropy with 3 distinct wave speeds (i.e., assumption (4.62)),

MGani(V) =p (Cq81 + CqS2 + CqP) <1 + Y (F(py) + p2> i ) ) (465)

with auxiliary quantities po and ~ defined from the 3 wave speeds,

P2 1= CqS1Cq82 + CqS1CqP + CqS2 CqP 5

4.66
and v = CqS1 Cgs2 CqP —ps. ( )
CgS1 + CqS2 + CqP
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Table 1: List of the stabilizations considered. Penalization 7, has unit [kgm~=2s7!], 7, has unit
[kgm~2s72]. The scalar coefficient 7 and the Godunov matrix Mgodunoy have unit [kgm=2s71], the

Kelvin—Christoffel matrix I' has unit [kgm~!s~2] and the scalar coefficient 3 has unit [sm™1].

Formulation Numerical traces Stabilization operator
G — 7id
VvV =
(Va U)S —~ v Tv = r ﬁ
ov =0 — Tv(Vih — Avn)
MGodunov
P —iwT Id
u = Ay, -
(u,0)s - hy Tu = —iwlp
ov =0 — Tu(up — Aupn) :
—lw MGodunov

5 Construction of hybridized Godunov stabilization operators

In this section, we provide details for the construction of the hybridized Godunov stabilization operator
Mcodunov(v) (4.63) introduced in Subsection 4.4, in particular for anisotropic elasticity under the as-
sumption of distinct speeds. Specifically, we need an expression for ov along the interface F shared by
two cells K~ and K. This is carried out by extending the method in [53] where isotropic elasticity is
considered. For completeness, the construction of [53] for isotropy was reviewed in Subsection 5.3 and
rewritten in the notation of Section 3, which helps out highlight the connection with Kelvin—Christoffel
matrix.

As in [53], first-order formulation (5.1) with unknown q = (e, pv) is employed. Integrating against
test functions and by integrating by parts, cf. (5.5), we make appear the flux operator B(v) (5.4) whose

S

last 3 components give ov, cf. (5.13). This means that one first constructs the numerical trace B(v) on
an interface F, which consists of 3 mains ideas.

— The numerical flux on F is given by the Godunov flux B(v)q*, with the value of flux at intermediate
states q*. These states are exact solution to a Riemann problem in a neighborhood of F, denoted by
RP(q~,q") having as initial data the trace of q from the left and right of F, written'S respectively

+

q-.

— The relation between the flux of the intermediate states and the left and right data is obtained
from a system of Rankine-Hugoniot (RH) jump conditions, cf. (5.46) in Subsection 5.2. In this
step, starting from the RH jump written in Cartesian coordinates, (5.54) for isotropic elasticity and
(5.69) for anisotropy, we retrieve the usual transmission condition for elasticity, and an expression
of the Godunov flux only in terms of one-sided data (i.e., either @™ or q™).

— In a third step, called ‘hybridization’, the transmission conditions ((5.56) for isotropy and (5.70)
for anisotropy) and the aforementioned expression of the Godunov flux in terms of one-sided data
((5.60) and (5.62) for isotropy, and (5.89) and (5.92) for anisotropy) are exploited to obtain HDG
numerical flux (5.95) and (5.95).

The first two ingredients are employed in the construction of upwind fluxes for DG implemention in
time domain, cf. [61, 56, 55, 63], and for HDG scheme [53]. For applications with DG, the constructed
numerical flux depends on information from both left and right of the interface. For implementation with
HDG, also starting from these ingredients, [53] however proceeds differently to arrive at an expression of
the flux which contains only one-sided data. Hybridization of Godunov flux is also discussed in a series
of work with different formalisms [8, 9, 10] and in which Rankine-Hugoniot jump condition is recognized
in sequel works ([9, 10]) to be a more natural and direct way to devise HDG flux.

16Recall that q = Uge7;, g along interface F = F* = F~ F = 0K~ NJK+ and F* = §K* NF then with q* = in [
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5.1 First order system and flux operator

First order system Consider the time-domain first order system with unknowns (€, pv),

Ore — VEV = 07 s —1
' & 8t(e)=< 0 Vi )(e) (5.1)
Opv—V-Ce = f pv v.-C 0 pv
Introduce
0 A (D) p~
B(0x) := — = : (5.2)
A(0y) TCt 0
in Voigt notation as
9,q+B(ox)q = (° ith q=( € (5.3)
tq x)a=\g), with q= ov) .

This is due to identity (3.31), V°v

A(dy) TC1e.

= A(0x)'v, and by combining (3.21b) and (3.32), V - (Ce) =

Flux term We have introduced the flux operator at 0K and

0 Al(w)p~!
B) = - (A(V) ict 0 ) '

This arises from integrating both sides of (5.1) against test function <v>s</) and after carrying out an

(5.4)

integration-by-parts. Next, using identity (3.58), we arrive at,

o (2)oc [ (2)-(2)

(5.5)
=+t —+t —+t
= / dq (X > dx+/ <?> - B°(8y) (X > dx + [ B) <?> : (X > dsx
K w x \pV w K pv w
with the ‘adjoint’ operator associated with B,
B (8y) 1= 0 'CTA@)" ) | (5.6)
p LA(Ox) 0
Eigenvalues of B(v) Consider the eigenvalues a of the flux operator B(v),
0 Atw)p=t\ (7 s Atw)p~'w = aT
2 ") O) - [
Av)iCT 0 w w Awv)iICTT = aw

Apply to both sides of the first equation A(v) TCZZ’T, we obtain the eigenproblem for the 3 x 3 matrix of
Kelvin—Christoffel matrix I'(v), which is also called the Christoffel equation,

A(v) TE’TAt(lj)w =palw & TW)w=pa’lw. (5.8)
We have denoted in (4.62) the three (assumed distinct) eigenvalues of I'(v):
peap < pChsi < peoss (5.9)
That is, under assumption (4.62), the eigenvalues of B(v) are

—CqP 5, —CgsS1, —Cgs2 , 0 y Cqs2 5, CgS1 5 CqP - (510)
multiplicity 3

For elastic isotropy, Subsection 3.5.1, the eigenvalues of B (v) are
—cp , —cs , 0 , cs , Cp. (5.11)

multiplicity 2 multiplicity 3 multiplicity 2
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Action of B(v) From its definition, for vectors W of length 6 and w of length 3,
Al(v)p~tw
B(v) (W> _ (M : (5.12)
w A(v)iCtw

By using this on to q = (i), we have

B(v)g=— ( A(it)(%:?> =— <At,(7';)v> =- (‘?) ; (5.13a)

2 At p “1lov 1 ov _1 m .
B(v)q= < A(v) ict At (v ) P pI‘(u)v) T (pr(y)v> ; (5.13b)
Jig (MW AW G WYY 1 (K@D (v o T :
B ( Aw) ICTA (v)p~lov > P( I'(v)ov ) P < T(v)ov ) (5.13c)

Flux operator in rotated coordinates Given a normal vector v at a straight edge face F, we consider
a second coordinate system obtained by rotation so that e, is parallel to the axis . The basis of the
rotated coordinate is given by the ordered set (v,t,t) with the latter vectors being tangential to the
straight-edge face F. The components of these vectors in Cartesian coordinates are written as

VesVys Vss tasty tss toyty,ts. (5.14)
The relation between the two coordinates is given by formula derived in Subsection 3.4.5 with rotation
matrix R and Bond matrix M associated specifically to these two coordinates,

Vg t, fx
R=(vy):=|vy ¢t iy , and M := MT[R] following definition (3.64) . (5.15)
I/Z tZ z

With the matrices defined in (5.15), we introduce the block-diagonal matrix T defined as

(M o0 4 _ (Mt o
e (M 0), o (M0}, 510
Denote by %\(/y) the matrix representation of the flux operator in rotated coordinates, i.e.,
(B(v)a)-p=B(w)a-p=(B()a) b (5.17)

By abuse of notation, B(v) also denotes the matrix representation of the flux operator in Cartesian
coordinates. From the relation derived in (3.107) between q and q (now with rotation and Bond matrix

given in (5.15)), we obtain a more explicit expression for B(v) which is taken as its definition,

B(v) = (1\(;[ 7&) B(w) (Mo_l 7%) . (5.18)

In more compact notation, matrix Eg(\/l/) and B(v) are conjugation of each other by T (5.16),

—

Bw)=TBW)T!, Bw)=T'Bw)T. (5.19)

To state the following identity for the rotated flux, we recall C is the stiffness tensor in rotated

coordinates written in Voigt representation, and its scaled version 'C' is defined in (3.10). We also recall
from identity (3.98) the matrix,
Ay = ( ) . (5.20)
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Proposition 9. The matriz representation of the flur operator B(v) in Cartesian coordinates, also

—

denoted by B(v), and rotated coordinates (v,t,t) denoted by B(v) are conjugation of each other by T,
(5.19), which means they have the same spectral structure stated in (5.10) or (5.25). Additionally, the
representation in rotated coordinates is explicitly given by

— 0 Alp~t
B(v) = = . (5.21)
A, fCt 0

Proof. Inject the definition (5.4) of B(v) in the defining expression (5.18) of its rotated version, we obtain

B(v) = — <1:)/I 7gt> <A(,,;)T(=jf At(yo)p1> (Mol 7Oz>

(5.22)
<M 0 ) 0 Al(v)Rp~! 0 MA!(v)Rp~!
~ \0 R \A@w)iCctM! 0 — \RA@)iCTM? 0 '
The final expression is obtained by rewriting
RA(w) TCTM! = (R'A(v)M') (M_t ict M—1> : (5.23)
and by applying identities (3.98) and (3.108).
O

5.2 Riemann problem and Rankine—Hugoniot jump conditions
5.2.1 Toy Riemann problem and its solution

Toy Riemann problem We adapt the discussion of Riemann problem from [57, Section 2.3.3] to
incorporate the spectral structure of the flux operator in (5.10). We work in (rotated) coordinates having
as variable X = (n,s,3)". The toy Riemann problem is defined in variable (¢,n) with 9 x 9 constant
coefficient matrix B,,. It has as unknown the length-9 vector u = u(x,t) = u(n,t) and initial data the
piecewise constant length-9 vector u = u(n),

R

- u’, n<o0,
ou + 9,B,u=0, with u(x,0)=u(n)= . (5.24)
u’, n>0

The solution to (5.24) is constructed below and takes the final form in (5.37).

Assumption on matrix B,, We will assume that B,, has the same spectral structure of 8 (5.10). This
means B,, is diagonalizable with eigenvalue 0 having multiplicity 3 and remaining nonzero eigenvalues \;
having multiplicity 1; specifically,

AM < A < A3 < M=x=X=0 < A < Ag < Ag. (525)
Denote by k; the corresponding eigenvectors
B.ki=X\k;, i=1,...,9. (5.26)

We also denote by K the 9 x 9 matrix whose columns are k;, and A the diagonal matrix whose entries

are the eigenvalues,
K= [kl,...,kg}, A:diag()\l,...,)\g), (527)

We thus have,
B, = KAK™'. (5.28)
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Solution to the Riemann problem We next construct the general solution to (5.24), following the
discussion in [57, Section 2.3.3]. In diagonalizing basis, i.e. w = K~'u, the Riemann problem (5.24) is
transformed to,

W + O Aw =0, with w(n,0) =w(n) =K 'u, (5.29)

With A a diagonal matrix, (5.24) is decoupled to 9 advection equations, satisfied by each component w;
of w,
Ow; + N Opw; = 0, with wi(n, 0) = ml(n) . (530)

The solutions of (5.30) are given by advection of the initial condition tv; along straight line at speed \;
in the (n,t)-plane,
wi(n, t) = mi(n — )\it) . (531)

This means that w; is constant along the straight line with slope A; through the point (n,0) and taking
value w;(no) with ng = n — A\;t. Using relation u = K'w, we obtain the solution to the original Riemann
problem (5.24),

9 9
u(n, t) = Z W (n, t) kj = Z 10 ; (7’L — )\jt) kj . (532)

Next, we determine the value of to; in terms of the initial value u in (5.24), which is rewritten in terms
of the eigenfunctions k; (5.26),

9
uL = Zai kl , n< 0
u(n) = o (5.33)
=3Bk, n>0
i=1

Setting ¢ = 0 in (5.32), we obtain another expression of the initial value of u,
9
u(n) = u(n,0) = Y w;i(n)k;. (5.34)
j=1

Comparing the two above expressions of initial values, (5.34) with (5.33), we obtain the value of wj,
which then yields,
a;, forn <0,
w;(n) =<’ . (5.35)
Bj, forn>0

This then gives the value of w,

aj, forn—Xt<0 & § <)\
wi(n, t) =10, (TL — /\jt) = . (536)
B, forn—Xt>0 & § >
Substitute the obtained expression of w; into (5.32), we arrive at, cf. [57, Equation (2.60)],
I 9 n
u(n,t) = Zﬁ’j k; + Z a;k;,  with I defined by A; < 7 < AL+1- (5.37)

=1 j=I+1

States From (5.37), we define the states associated to the distinct values of the eigenvalues, which give
the value of solution u in the eight regions delimited by the ray along which the singularities of the initial
conditions u are propagated, cf. Figure 2.

Uy, v, ubt—, U, U, U, U, Ug. (5.38)

value on n<0 value on n>0

Their explicit definitions in terms of the eigenfunctions k; are,
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— The states to the left of the interfaces (i.e., for n < 0) are,

9 9 2 9
Up=>Y aki, U™ = piki + > aiki, U™ =) Bk + ) aiki,
i=1 i=2 j=1 i=3 (5.39)
3 9 3
U= Biki+ Y aki = Up+ > (Bi— i)k
i=1 i=4 i=1
— The states to the right of the interface (i.e., for n > 0) are
9 8 7 9
Ur = Zﬁjkj, et = Zﬂjkj + agky , [jb+ = Zﬂjkj +Zajkj’
j=1 j=1 j=1 j=8 (5.40)

6 9 9
Ut = Zﬁiki + Zaiki = Ur+ Z(ai — Bi)k; .
i—1 i=7 =7

Derivation of Rankine-Hugoniot (RH) jump conditions From the definition of the states on the
left-hand side region (5.39), we have

U™ —Ur = (1 —a1)k; . (5.41)
We apply B,, to both sides of the equation to obtain,
B,(U*" —Ur)=(f1 —a1)Byk1 = B, (U* —Ur)=M(p1—a1)k;. (5.42)
Next replace kj using (5.41), we obtain the RH condition associated with speed Ap,
B,(U* —UL)=MU* —=UL). (5.43)

The RH jump conditions with speed A, A3, Ag and Ag are obtained in a similar manner, e.g., for Ag we
have,
U —Ugr = (By —ag)kg = B, (U™ —Ug) = N(U*"™ —Ug). (5.44)

Lastly, the intermediate states ‘separated’ by the interface satisfy,

6
U™ —UF =) (ai—B)ki = B(U —U")=0. (5.45)
=3

We gather the jump conditions associated with the 7 distinct speeds (eigenvalues),

B,.(U"" —Ur) = MU" =UL),

B, (U™ —U*) = XU —U""),

Bn(U*7 - Ubi) = /\3(Ua7 - Ua+)a

B.(U* —U*T) =0, (5.46)
B, (U*+ — U) = MU — U™,

Bn(Ub+— _ Ua+) _ /\g(Ub+_ _ Ua-i-)7

B, (U*T™ — Ug) = N(U*T™ —Ug).

5.2.2 Jump equations in original coordinates

We follow the notation and quantities introduced at the end of Subsection 5.1. Recall briefly that given a
normal vector v at a straight edge face F, we consider a second coordinate system obtained by rotation so
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that e, is parallel to the axis v. The orthonormal basis of the rotated coordinate is given by the ordered
set (v, t,t).
We return to the model problem considered in Subsection 5.2.1, now with B,, given by B(v) defined
in (5.21), that is,
(0 + 0,B,)a =0, with B, :=9(v).
We recall from (5.19), that with T defined in (5.16),
B,=TBw)T ', Bw)=T'B,T.

The jump condition with B,, was derived in (5.46) (now with the eigenvalues denoted by speed c;)

B.(q" - a”) = ¢;(@” - a"). (5:47)
Substitute in the relation between the operators and the solutions, q®* = Tq®, we obtain
T 'B.T(a" —q”) = ¢;(a* —d”), (5.48)
which gives the jump condition in original coordinates,
B)(q" - d”) = ¢(a* —d"). (5.49)

Remark 11. The above derivation can be extended for B piecewise-constant to arrive at the same
conditions, cf. e.g. [55, Equation (19))] for anisotropy, and [61, Equation (14)], [53, Equation (31)].
These states are explicitly given in terms of the eigenvalues and vectors of B(v), which extend the
discussion in [57, Section 2.3.3] with B discontinuous across the interface. In addition, the differences
(q** —q™) are linear combinations of corresponding eigenfunctions, cf. [63, Equation (20)], [55, Equation

(20)],

9

3
T =q +> vk, at =at+) 4K (5.50)
i=1 =7

5.3 Derivation for isotropic elasticity

Here we consider isotropic elasticity, Subsection 3.5.1, where the elasticity tensor is written from the two
Lamé parameters A and p, that define the two wave speeds cp and cg (3.113). We denote by v the normal
vector along the interface pointing from K~ to K+, and v* the outward pointing ones of K*, we have

v=v =-vt. (5.51)

To distinguish the medium on each side of an interface in particular allowing to be discontinuous across
an interface, we write

o
Here, B~ (v) is defined in (5.4) with physical parameters associated with mesh cell K, i.e., (p~, A7, u~

pt, C*, B(v)*, and its eigenvalues ¢ (5.52)
and normal vector v~ . Similarly for B(v)*. Recall the spectral structure of B(v) is as follows, cf. (5.11),

—cp , —cg , 0 , cs , Cp. (5.53)
multiplicity 2 multiplicity 3 multiplicity 2

Rankine—Hugoniot jump conditions in Cartesian coordinates Apply the jump conditions ob-
tained in (5.49) adapted to spectral structure (5.53), cf. Figure 1,

B) (@ —q7) =—cp (@"" —a7); (5.54a)
Br) (@ —q"7) = —c5 (@ —q"7); (5.54b)

B(v) g =Bv) q""; (5.54c)
Bw)" (" —q") =cd (T —q"") ; (5.54d)
Bw)* (@ —a") =c¢f (@ —q") . (5.54e)
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AT puT,pT At pt

Figure 1: Spectral structure and the Godunov states appearing in the Rankine-Hugoniot jump condition
for isotropic elasticity (5.54).

Transmission condition for interface states From the expressions in (5.13), we have

-
q= (p?v) , Bv)q=— <nyy> , ov:=Ce v. (5.55)
The first 3 components and last 3 components of the equality (5.54¢) give
*— *+ _ *— okt
viv;. =vvy, I=xzy2 A VA
= . 5.56
{(w)*‘ — (ov)* {(w)*‘ — (v (5:50)

Relating intermediate states to interface and boundary states Adding equation (5.54a) and
(5.54b) and after some rearrangement, we obtain

(cp —cg)q"” = =B) (@ —q7) +cpa” —cgq™; (5.57a)
—Bw)"q  =—B"(¥)q*” —cpq*” +cpq”. (5.57b)

We next derive a relation between (ov)~ and (ov)*~ as follows. Substitute the expression of q*
given by (5.57a) into (5.57b), we arrive at an expression for —B~q~ in terms of only ¢*~ and q~,

-B(v) q = % [B(r) " B(v) (a4 —q7) —cp B) q +cg B(v) q" ]
R . (5.58)
+—"—[BW) (@ —qa)—cpq +c5q" ] + cpq .
Cp —Cg

The above expression is rearranged to obtain

cp +co _ _ Bw)"Bw) (g —q~ Cp + Ca L CpCa _ _
T ) q = D BETW@T Zd) G g D% (g qo) . (550)
Cp —Cg Cp —Cg Cp —Cg Cp —Cg

By multiplying both sides by (cp —cg)/(cp + cg ), we obtain,

—B) q" =-Bw) q + # [cpeg + Bw) Bw) | (@ —q7) . (5.60)
p T Cs

From the expressions in (5.13), we have

a=(5) 2wa=-("E") . mwrmera= (Y00 (5.61)

pv ov
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The last 3 components of (5.59) thus give,

(ov)*~ = (ov)” + —— (c;cs‘ + Fp(y)) (Vi —v7). (5.62)

Cp tCg

We can carry out the same computation for the right-hand side of the interface to obtain,

1“Jr( )

(ov)*t = (ov)" + L I+
cfg + cér

) (vt —vT). (5.63)
We thus retrieve the same result as in [53, Equation (36)].

Construction of HDG trace Following [53], the numerical traces for HDG are constructed using
relations (5.56):
vEi= v ov=(ov). (5.64)
Using (5.62) obtained from the Rankine-Hugoniot jump condition at an interface with normal vector v,
we have,
Vi=Av; (5.65a)
L'(v)

ov = (ov)*” = (ov)” - CpC — —-v ). .
& = (V)" = (o) *cp+cs<”'3+ L )(Av ) (5.65b)

Using the explicit expression of I'(v) in (3.116), the stabilization operator takes the following form®?

(using [v| = 1),
MG—iSO — 14 Id 4+ =77 F(V)
et v P
:p(05|d+(cp—CS)V®V) :p(cpld—l—(cp—cs)(l/@l/—ld)) :

(5.66)

5.4 Derivation for anistropic elasticity with distinct waves speeds

We follow the same notation given in (5.51) and (5.52). Under the assumption of spectral structure (5.10)
of B*(v), we have 7 possible discontinuities propagating at the speed of corresponding eigenvalues,

—CqP , —CgS1, —CqS2 0 y CqS2 5 CgS1 , CqP - (5.67)
multiplicity 3

Denote the states in between the discontinuities, cf. Figure 2,
a , 9" ,d ,a a7, d", ", q". (5.68)

The jump condition associated with spectral structure (5.67) is, cf. [55, Equation (19)],

B~ (v) (@ —a7) = —cp (@ —a7); (5.69a)
B (v) (" —q"") = —c gy (7 —q"7) ; (5.69b)
B W) (@ —q"7) = —cp (@ —d"7) ; (5.69¢)

B~ (v)g” =B (v)g""; (5.69d)
BrW) (" —q) =clyy (" —q ) ; (5.69¢)
Br(w) (" — ") =cly (T —q"") ; (5.69f)
Bt (v) (@ —a*) =cls (a"" —a") (5.69g)

')

r
L) =c2ld + (c% — v ®v and — + cpegld = cg(cg + cp)ld + (cp —cp)(cp + cg)v QR v.

p

17This is due to
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C,p~ Ct,p*

Figure 2: Spectral structure and the Godunov states appearing in the Rankine-Hugoniot jump condition
(5.69) for anisotropic elasticity with 3 distinct speeds.

Transmission condition for interface states Similar to isotropy (cf. (5.56)), we obtain the trans-
mission conditions from the first 3 and last 3 components of equation (5.69d) associated with the non-
propagative state q**,

*— *+ _
vrv = Vrv 3 I:x,y,z * - *+;
{ ! ! = {V M (5.70)

(ov)"™ = (o)™ (ov)™ = (ov)™"

Relating intermediate states to interface and boundary states Working on each side of the

interface, we will express the state q°* and q'* in terms of the interface states q** and boundary states

a*.

Step la We start by working with the first three equations of (5.69), summing them, we obtain,
B)” (@ —a7) = (—op o) a7+ (o + o) @~ cgd™ Hepa . (5.71)
After rearrangement, this leads to,

(cq_P — C(I_Sl) q*” + (C;81 — Cq_SQ) q’ = —B(v)~ (q** — q*) — cq_SQq** +cpa - (5.72)

Next, take cop % (5.69a) 4+ cgs1 X (5.69b) + c492 % (5.69¢), we obtain,

B(v)” [(C;P - 0;31) Q' + (C;s1 - C;sz) qb_} =cpB(V) d —cgB(V) qa

2 2 2 2] b 2 2 (5.73)
+ [(egs0)? = ()] @™ + [(egs2)? = (cs0)?] @' = (egsa)a’™™ + (o) ?a -
Step 1b Using (5.72) to rewrite the left-hand side of equation (5.73), we have
B(v)~ (7%(1/)* (q** _ qi) — Cq_SQq*7 + C;Pqi) = c;PEB(u)’q* - C;SQ%*(y)q*f -
(= (o) + (egsn)?) @ + (—(egsn)® + () @'~ = (cgsa)a™™ + (cp)*a”
After simplification, we obtain,
_ 2 *— - 2 a— (A 2 — b
(B2 (@ —a7) = (o) + (es0)?) @ + (~(egsn)® + (c752)%) @ 55
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Equation (5.72) together with (5.75) give a linear system which determines uniquely (q®~,q"~) with a
right-hand side containing only q*~ and q—,

a B\ (a7 _ [ “B@ —d7) —cea” tepan
ad BB)\d"") -
where

B(q* —q7) — (cg0)’a* ™ + (qu)2q> ’

= CqSl +CqP7

@ = Cgp — Cys1 s
Note that the determinant of the coefficient matrix in (5.76) is

(5.76)
B=cug1 — Cuso B= Cys1 T+ Cysa - (5.77)
af(f - a) =

(e = cas1) (e = ese) (a2 — )

of q®~ and q°~ in terms of q*~ and q~

. (5.78)
This is invertible under assumption of distinct wave speeds (5.9), in which case, we obtain the expression
(qa_) oE ( g _;) ( ~B(AT —a7) ~ egud™ erpd”
=] p_agl_a 1
d B-a\-5 3

B - . (5.79)
%Q(q*_ - q_) - (Cqs2)2q*_ + (CqP)Qq_>

From here, we can proceed by working with either expression of q*~ and (5.69a) or with g~ and (5.69c).
The first option is chosen in the next step, for which it is useful to further simplify the expression of q%~
given in (5.79),

a(f—a)q" =p (—%(q*‘ —q7) —c 5" + cq‘pq‘)

(B%(a™ —a7) = (cg)®a™™ + (c30)

a

9 _
)
- _ (BEB + %2) (@ —a7) +cug (*B + C;SQ) qa +ep (

_ (5.80)
8- Cq_P) q
== (A 2) (@ —a) —epmema o (B a
With some algebraic manipulation'®, we obtain
Cp (B - cq_P) —a(f—a) = Cy51Cgs2 - (5.82)
This gives us the useful expression,
o(f-a) (@ —a7) =~ (FB+ B +eg0m) (@ —a) (5.83)
Step 2a Using (5.69a), we have,
(B +cep) (@ —a)=0 = (B +cp)aB-d) (@ —a)=0 (5.84)
Substitute the difference given by (5.83) into the above expression:
(ﬁ_ + C;P) (3% + 37+ C;s1c<;sz) (@ -q7)=0 (5.85)
18This is seen as,
(Cq_Sl - Cq_P> (Cq_s2 - Cq_P) =Cu51C482 — Cop (Cq_s1 +Cug0 — C;P)
= C;P (B — C;P) 3

—a(B-a) = cp (cs1 + 52 — p)

(e = cgs1) (case = <ap) = Cs1sa -

(5.81)
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We compute the left-hand side,
(ﬂB* + c;P) (B% +B2 4 c;S,lc;SQ)
= BB2 + 83 + C,51Cq52B + c;PB% + cq_P%Q + €,pCys1€4s2 (5.86)
= (%2 + cq_SICq_S2 + cq_PB) B+ (B + cq_P> |2 1 Cq_PCq_310q_82 .
We thus arrive at,
[<%2 T Cas10gs2 T C;PB) B+ (B + C;P) B? 4 C;Pcc;sﬁc;sz] (@ —a7) =0, (5.87)
where we have introduced
P3 1= Cug1CusaCqp s P2 1= Cug1Cusa T Cus1Cop T CusaCyp - (5.88)
In noting that ps = ¢ g€ 50 + cq_Pﬁ, we rewrite the above equation as
(B + p7 B+ (g + s +p) B2 + p31d) (@ —a7) =0. (5.89)

Step 2b Recall from (5.13), we have

€ Al(v)v
q<pv>, %(V)q< o )
p AN (v)ov 1 (A (v)T(v)v (5.90)
2 3qg = =
B(v)'q= < F(V)V ) , B(v)’q= P ( F(V)UV > .
We substitute this into (5.89), and use the last three components of equation (5.89) to obtain,
T'(v _ . _ _ (v _ — _
—<()—|—p2>((0'1/) —(ov)") +p <(cq5a+cqp)()+p3>(v -v7)=0
p p
-1 (5.91)
— - _ (T | Lv) N\ e -
= (ov)*” —(ov)” =p Y +p5 (CgSa + Cqp) +ps (V -V ) .
With some algebraic manipulation, we arrive at
*— — — — — I'(v - *— —
(ov)™ —(ov)” =p (cq51 +ce0 + qu) (1 + <fo) + p2> ) (v -V ) , (5.92)
where P
v = 3 — p2. (593)

Cys1 T Cgg2 T CoP

Derivation of HDG trace From this point, following the same hybridization procedure as done in
isotropy, we employ the transmission condition (5.70),

=+ ov = (ov) (5.94)

Vi=v

and the relation (5.92) obtained from the Rankine-Hugoniot jump condition at an interface with normal
vector v, to arrive at the hybridized trace for displacement and traction,

V=2Ay; (5.95a)
ov=(ov)” + M9 ™ (A, —v7), (5.95b)
with .
—ani — — — — I'(v _ N
MO = p <Cq81 T Cqs2 T CqP) <1 + <,0(—) +py > ) : (5.96)
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6 Numerical experiments: elastic isotropy

The HDG method is implemented in the open-source parallel software hawen!?, [29]. We perform numer-
ical experiments to evaluate the performance of the different choices of stabilization for the accuracy of
the wave propagation. To evaluate the difference between a reference solution (either an analytic one or
a numerical one computed with refined discretization) and simulations, we introduce the relative error
defined for a wave field w such that

ref(x) _ wsimu(x)|
[t (x)

In our experiments, w is either a component of the displacement field u, velocity field v or of the stress
tensor . The mean errors ¢ and € are defined such that

Ny

e(w) = — > e(w,xz);
1

1
N,
Tk

e(w; x) = [w

(6.1)

1 1 (6.2)
E(u) = 3 Z e(u;,Xg) ; ¢(o) = g Z e(o, xk) ,

j={=y,2} j={zz,yy,2z,2y,x2,y2}

where x;, corresponds to the &t position where the solutions are evaluated, with a total of n, positions.
Typically, we use a Cartesian grid to select these positions in order to balance the contributions of each
place. In all of the following experiments, we however exclude the positions near the boundaries, and the
source position when a Dirac point-source is used.

The different stabilization analyzed In the experiments, we consider the formulations with dis-
placement or velocity, respectively (u,o)s and (v,o0)gs in (2.8) and (2.9). Below we detail the main
stabilizations tested, introduced in Table 1:

Formulation (u,0)s with ov =0, — Tu(up — Aup) -

Tu = —iwlg; Ty, = —iwpcqsely; identity based;
. —iw
choices of Ty Tur = —iwIl'; Tyr, = T; Kelvin—Christoffel based ; (6.3a)
CqS2
Tug = —iw Mgcodunov ; Godunov stabilization .

Formulation (v,0)s with ov =0, — Ty (Vi — Avp)

Tvi = Ig; Ty, ‘= pCqs2lq; identity based;
. 1
choices of T, Tr = I'; 7yr, := —1I';  Kelvin—Christoffel based ; (6.4a)
Cqs2
TvGg ‘= Mcodunov ; Godunov stabilization .

Here, the Kelvin—Christoffel matrix for elastic isotropy and vertical transverse isotropy are respectively
given in Propositions 6 and 7. The Godunov matrices are respectively given in (4.64) and (5.96).

Remark 12. Alternatives for (6.3) and (6.4) have been implemented and numerically compared, in
particular replacing the wave-speed cqsa. For the sake of conciseness, we only present on the most effective
ones, which corresponds to taking the lowest velocity. We further refer to Subsections 6.2, 7.1 and 7.2
where the stabilizations based upon the identity are thoroughly analyzed, comparing real and imaginary
choices and several orders of magnitude for the scalar coefficient.

We start by considering an elastic isotropic medium in dimensions 2 or 3. In this case, the stiffness
tensor C' is defined from the two Lamé parameters A and p, see Subsection 3.5.1. The absorbing boundary
conditions to approximate free-space propagation are given by, [37, 40],

a-u—iw(\/()\—l—lu)p V®V+\/;Tp(ld—u®u)>u:0, on T (6.5)

https://ffaucher.gitlab.io/hawen-website/
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6.1 2D homogeneous medium with point source (benchmark2Diso-R5)

We consider a disk of radius R = 5 with constant values of density, P- and S-wave speeds. This is our
experiment benchmark2Diso-R5 described as follows:

Disk of radius R = 5 with Dirac source in (0, 0),
cp = 25x107%, cg=10"%, p=1,
benchmark2Diso-R5 = A=425x10"% and pu = 1075. (6.6)
Simulations with fixed mesh of about 30000 triangles,
w/(2m) € (1,15) mHz; polynomial orders between 1 and 7.

Analytic solutions in two dimensions We consider here the solution gz to the homogeneous
isotropic elastic equation with Dirac source at position y = (y1,y2) having polarizations at y in direction
e, = e, and ey = e, respectively,

(—w?p— L) 81(x5y) = egdy(x), with [=1,2. (6.7)

Here L), is the elastic problem (2.8) under elastic isotropy (3.114), in 2D space variable x = (z1, z2).
The analytic expressions of the solutions are known for homogeneous background parameters A\, p and
p, and are given by the first and second column of the outgoing elastic Green’s tensor whose expression
can be found in, e.g., [1, Equations (1.24) and (1.25)],

uPP(xy) = g7(xy) = 87 (y) + 87 (xy), (6.8)

where

of (%,¥) = —5 Vi (84, 0p) with ¢p(x,y) = SHS" (kp|x — y|),

11 k3

! 1 i (6:9)

gl (x,y) =— m <¢s er + kﬁvx (%@P)) ,  with ¢s(x,y) = ZHO (ks|x —yl)-
S

In the above expressions, Hg) is the n-th Hankel function of the first kind?°, while Vy is the gradient
in variable x. In the above expression, for x # 0 and y = 0, the term Vx0,,¢, with a = ‘P’‘S” and
I =1,2, is the vector®!,

ik, (ko HSY (K HY (k
VxOy, 00 = lf <a1r(a7’) — Hél)(kar)ka + % %X, where 7 := |x]. (6.12)

We also recall that ks = £ = w\/g thus pk = w?p?, while kp = = =wy /5t

In Figure 3, we picture the real parts of the analytic solutions for the displacement and the stress
tensor, respectively u*f and o™, at frequency w/(27) = 2mHz.

20¢f. nttps://dlmf.nist.gov/10.2.
21This can be seen as follows. It is derived for generic g = H(()l) (k|x|) and x # 0. We write 8; := Oz,. Since Hél)/ = —Hgl),
we have,

; kHY (k iz
dig=-HV(knkZ = 0%¢= (—H§1>’(k7~)k2 + 12(”> Lty (6.10)
r r r
Next we use identity Hgl)/(z) = Hél)(z) - éHgl)(z)
(1) 2 (1)
H; "/ (kr)k 1 kH; " (kr) \ z;z;
99 = (1 e H (k) K2 =L ) L (6.11)
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Figure 3: Analytic solutions at 2mHz for benchmark2Diso-R5 (6.6), corresponding to (6.8) and (6.9).

6.1.1 HDG formulation (u,0)g

The analytical solution for free-space propagation is compared with the simulations with absorbing bound-
ary conditions (6.5), and we use the different choices of stabilization coefficients (6.3). To avoid the
singularity at the origin, and reduce the effect of the boundary conditions, the numerical errors ¢ and &
(6.1) and (6.2) that are plotted below are restricted to interval 6 x 1072 < ||x|| < 4.90. Using formulation
(u, 0)s, the mean of the relative error ¢ (6.1) with the frequency is pictured in Figure 4 where we compare
the different wave fields independently. Here we compare the stabilization coefficients 71, Tur and Tug,
that is, the identity-based, Kelvin—Christoffel and Godunov stabilization respectively.

F=-F - -1 F-F--1-—-4
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Figure 4: Evolution of the error ¢ of (6.2) with frequency for benchmark2Diso-R5 (6.6) using HDG
discretization formulation (u, o)g for polynomial order 3 and stabilization (6.3).

Observation In the evolution of the relative error with frequency (Figure 4), we observe the similar
behaviour and error level for all fields, whether it is displacement (u, and u.) or stress tensor (04, 0.,
and 0,,). We observe three regions in the error plots that correspond to low, intermediate, and high
frequencies.

— At low frequency (below 4 Hz), the relative error is minimal as we have the largest wavelength.
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The error stays relatively stable, and all choices of stabilization provide similar results. We however
note a slight increase for the smallest frequencies, which corresponds to the lack of accuracy of the

absorbing boundary condition for large wavelength.

— For high frequencies, the error is the highest as we have smaller wavelengths; this is expected as
there are less points per wavelength at fixed polynomial order. Regarding the different choices of
stabilization coefficients, we see that the Godunov stabilization is the most accurate, reducing the
relative error by a factor 2 compared to the other choices.

— In the intermediate region, the relative error increases with increasing frequencies, and we clearly
see the improvement of the Godunov stabilization, by a factor 2 to 5, compared to the Kelvin—
Christoffel and identity-based stabilizations respectively.

— We note that the minimal error for each stabilization is reached at different frequencies: for the
Godunov stabilization, the minimal error is obtained at 4 Hz, while it is rather at 3 Hz for the two
other stabilizations. Furthermore, for any frequency, the Godunov stabilization always gives the

best result.

To further investigate the stabilization coefficient, we use a scaling parameter based upon the S-wave
speed for the identity and Kelvin—Christoffel matrices, namely with 745, and 7ur, in (6.3). As the level
of error is similar for both fields (Figure 4), we plot global relative error € of (6.2) in Figure 5. In this
picture we represent the error with frequency and with polynomial order. In the evolution of the error
with frequency, Figures ba and 5b, we see that using the scaled stabilization coeflicients 741, or Tur,
provide similar error level compared to using 7,g. This is confirmed by the evolution of error with the
polynomial orders in Figures 5¢c and 5d. We further see the expected improvement with the use of higher
order polynomials, and we have similar accuracy for the displacement u and stress tensor o.
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Figure 5: Evolution of the error & of (6.2) with frequency (top) and polynomial order (bottom) for
benchmark2Diso-R5 (6.6) using HDG discretization formulation (u,o)s and stabilization (6.3).

We see that the stabilization coefficient based upon the Godunov matrix, 74q in (6.3), is the best
choice in terms of accuracy of the solutions. The level of accuracy can be matched by other stabilization,
however, by using empirical scaling factors, that we have found here in terms of the S-wave speed (Ty1,
and Tyr,). Nonetheless, one cannot guarantee that this scaling is optimal in all possible configurations,
cf. Subsection 6.2, and the genuine option is to use the robustness of 7,¢ which does not involve a scaling

parameter.
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6.1.2 Comparisons of HDG formulations

We now compute the wave fields with the HDG discretization using the formulation in terms of the
velocity, that is, (v,0)g. In Figure 6, we compare the relative error with frequency, for the stabilization
coefficients of (6.4), and also compare the two HDG formulations (u,0)s and (v,0)s. We see that the
two formulations have similar accuracy, and the stabilization based upon the Godunov matrix, which is
the most natural one, is the best choice as it does not need an extra parameter for scaling.

--T--d-F+-f
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Figure 6: Evolution of the error &(u) of (6.2) with frequency for benchmark2Diso-R5 (6.6) using HDG
discretization formulations (u,0)g and (v, o)s and stabilization coefficients (6.3) and (6.4).

6.1.3 Condition number of the global matrix

To further compare the formulations in terms of displacement or velocity, and with the choice of stabi-
lization, we compute the condition number of the global matrix assembled with the HDG discretization.
We provide in Figure 7 the evolution of the condition number with frequency for different orders of

polynomials.
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Figure 7: Condition number of the global discretization matrix using HDG for benchmark2Diso-R5 (6.6).

We observe a drastic difference in the condition number between the identity-based stabilization coef-
ficients (741 and Ty1), while other choices show similar tendency. It indicates that the naive stabilization
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not only reduces the accuracy as shown in Figures 4 and 6, but also deteriorates the condition number
of the linear system. Moreover, even when the accuracy is acceptable (that is, for low frequencies), the
condition number of the global matrix is still higher. We also observe that using high-order polynomials
increases the condition number of the global matrix, while using higher frequencies does not, or even
slightly reduces the condition numbers. Furthermore, we do not observe differences between the HDG
formulations using the displacement or the velocity.

6.1.4 Concluding remarks on experiment benchmark2Diso-R5

With this first experiment considering isotropic elastic 2D homogeneous medium, we can draw the fol-
lowing comments.

— The HDG methods using displacement or velocity formulation, respectively (u, o)g and (v, o)g, are
equally accurate. Note that here we avoid the zero-frequency where only the formulation (u,o)g
is appropriate.

— The stabilizations using the identity and Kelvin—Christoffel matrices 7,1 and 7y are less accurate
than using the Godunov matrix with 7yq, cf. Figure 4. Those stabilization coefficients also lead
to an increase of the condition number of the global matrix, even for low frequencies where it is
accurate, Figure 7.

— The accuracy using stabilization coefficient based on identity and Kelvin—Christoffel matrices can
be improved by using a well chosen scaling parameter, here related to the S-wave speed. In this
case, using 741, and Tyr, is equally accurate as 7,¢. However, this scaling coefficient is empirical
and cannot be assumed to be universal.

6.2 3D homogeneous medium with planewave (benchmark3Diso-Pw)

We consider the propagation of planewaves in the three-dimensional domain (—1,1) x (—1,1) x (—1,1).
Following Appendix A (that simplifies with isotropy), we defined the P- and S-planewave as follow:

P-planewave configuration: u(x,w) = p(x)e'or () (6.13a)
S-planewave configuration: u, = u, = 0, uy(x,w) = eles (4 (6.13b)
with p = (1,0,1)"  and d= (1/v2,0,1/v2)". (6.13¢)

To emphasize the different behaviour of the stabilization, we further impose a strong contrast between
the P- and S-wavespeeds, we use:
Cube (—1,1)® with planewave
cp =25x1073, cg=10"%, p=1,

= A=624%x10"°% and pu = 10"5%.
Simulations with fixed mesh of about 40000 tetrahedra,

P-planewave at w/(27) = 8 mHz; polynomial order4,

(6.14)

benchmark3Diso-Pw

S-planewave at w/(27) = 0.4 mHz; polynomial order4,

We illustrate the analytic solutions of the experiment (6.14) in Figure 8. The consideration of planewaves
results in having only one type of wave (P- or S-) propagating, allowing us to investigate the accuracy of
the discretization with each one separately. As we have seen that scaling of the stabilization based upon
the S-wavespeed improves the accuracy, this experiment serves in particular to investigate the case where
only P-waves propagate.

In this experiment, the frequency and order of polynomial are fixed, and we vary the magnitude of the
stabilization; we also consider purely real and imaginary coefficients. In Figures 9 and 10, we show the
mean of the relative error ¢ of (6.1) for the non-zero components for the P- and S-planewave respectively.
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(a) Field u, for the P-planewave at 8 mHz. (b) Field uy for the S-planewave at0.4 mHz.

Figure 8: Reference solution for the 3D planewave propagation of benchmark3Diso-Pw (6.14).

For the P-planewave, the non-zero components are g, Uz, Ogz, Oyy, 0, and o.. For the S-planewave,
the non-zero components are u,, 0y, and o,,. We consider the formulation (u,o)g, and investigate
stabilization +7I; and +irly with 7 varying between several order of magnitude. In Figures 9 to 11,
we also indicate the error level obtained with the Godunov and Kelvin—Christoffel stabilization 7,g and
Tur (horizontal lines) and the values of the P- and S-wavelength (vertical lines). We picture the results
for the formulation (v,o)g in Figure 11.

‘We observe that

— For the P-planewave, the accuracy for the different fields is similar (Figure 9), except for the
component o,, which is slightly less accurate (6 x 10~% relative error compared to 1076 for the
other components). In this experiment, the S-planewave is less accurate than the P-planewave
because it has a smaller wavelength (0.25 compared to 0.31) at the selected frequencies.

— Comparing the formulations, we see that (u,o)s and (v,0)g are equally accurate. For best effi-
ciency, the formulation (u, o) s should use a purely imaginary stabilization while formulation (v, o) g
a real-valued one. This is explained by the (iw) factor appearing between the two formulations.
Also we note that the accuracy is not affected by the sign of the stabilization, namely taking 47
does no change the results in these experiments.

— For the P-planewave, the Godunov stabilization T, gives the most accurate results, accuracy that
is never reach by identity-based stabilization, nor by the Kelvin—Christoffel coefficient. The best
performance with identity-based stabilization is obtained with scale pwcp or pcp, for displacement
and velocity formulations respectively.

— For the S-planewave, the accuracy of the Godunov stabilization can be improved with identity-
based stabilization. However, the optimal scale is difficult to select as it is not exactly pwcg (for
displacement formulation, pcg for velocity formulation), but a lower value.

We see that the Godunov stabilization is the most versatile as it accurately treats the P-planewave
and remains very efficient for the S-planewave. It seems that identity-based approach can be very efficient
to treat the S-waves but there is no unifying scaling that can treat both P- and S-waves. In practical
experiments of wave propagation, we would have a mix of P- and S-waves, and the Godunov stabilization
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Figure 9: Mean of the relative error ¢ of (6.1) using the stabilization 7 := 7I; and varying the magnitude

of coefficient 7. It corresponds with benchmark3Diso-Pw (6.14) using HDG discretization of formulation
(u,0)g for 8 mHz P-planewave propagation at polynomial order 4. The relative error obtained with the
Godunov stabilization Ty¢ is indicated with the horizontal dashed line, and the values of the P- and
S-wavelength with the vertical lines.
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Figure 10: Mean of the relative error ¢ of (6.1) using the stabilization 7 := 71 and varying the magnitude
of coefficient 7. It corresponds with benchmark3Diso-Pw (6.14) using HDG discretization of formulation
(u,0)s for 0.4 mHz S-planewave propagation at polynomial order 4. The relative error obtained with
the Godunov stabilization T, is indicated with the horizontal dashed line, and the values of the P- and
S-wavelength with the vertical lines.

appears as the safest choice. Nonetheless, as S-waves tend to be more energetic than P-waves after
equipartition time ([50, 51]), it explains why a stabilization based upon S-wavelength is performing well
in the point-source experiment of Subsection 6.1.
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Figure 11: Mean of the relative error ¢ of (6.1) using the stabilization 7 := 71 and varying the magnitude
of coefficient 7. It corresponds with benchmark3Diso-Pw (6.14) using HDG discretization of formulation
(v,0)s at polynomial order 4. The relative error obtained with the Godunov stabilization 7 is indicated
with the horizontal dashed line, and the values of the P- and S-wave speeds with the vertical lines.

6.3 2D experiment with highly varying properties (benchmark2Diso-He)

One advantage of writing the elastic system in terms of the compliance matrix S rather than the stiffness
tensor C' is to easily handle physical properties that are not constant per cell. To fully use this property,
we design an experiment where the wave speeds and density are ‘solar-like’, that is, we follow the solar
background given by model S, [12]. Model S provides us with radial profiles for the density and P-wave
speed models, that we picture in Figure 12. For the purpose of this experiment, the S-wavespeed is
selected as cg = 0.70cp. For this experiment, we consider a two-dimensional disk of radius 1 on which
the radial profiles are applied.

1074
10° [ n
10! [ N
0 | 1074 | ]
0 0.5 1 0 0.5 1
(a) Wave speed model. (b) Density model on logarithmic scale.

Figure 12: Solar-like background wave speed and density extracted from model S for radial position
between 0 and 1. In our elastic experiment, we use cg = 0.70cp.
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The models of physical properties are particularly challenging because of the high variation in their
amplitude, cf. Figure 12, where the density is pictured on a logarithmic scale. Namely, the density is
exponentially decreasing near surface ([5, 4]) and the wave speed varies of about two orders of magnitude
in the domain. Therefore, it is fundamental to correctly represent the models within the discretization,
and using a piecewise-constant approximation would necessitate to design extremely small cells near
radius 1. Using the flexibility of the discretization with the compliance tensor, we instead represent
the physical parameters (wave speeds and density) using a basis of Lagrange functions on each cell. In
Figure 13 we picture the mesh of the 2D disk that we used for the simulations, and compare the density
model near surface when represented with piecewise-constant or with Lagrange basis of order 3, that
is, with 10 coefficients per cell. The piecewise-constant representation looses the spherical nature of the
medium, and shows some strong variations which will intrinsically lead to inaccurate simulations. The
Lagrange polynomial representation preserves the spherical nature of the model which appears radial as
expected.

-3 -3
p (kgm™) p (kgm™)
1.00 W 1.00
107" 107*
w 0.99 v 0.99
107? 1073
0.98 0.98
0 0.01 0.02 0 0.01 0.02
v 1072 z 10-2
(a) Mesh with about 50 000 cells. (b) Zoom near surface for piecewise- (c) Zoom near surface for representation
constant representation. with Lagrange basis of order 3.

Figure 13: Solar-like density near surface and computational mesh, considering a unitary disk.

In this case of (strongly) heterogeneous properties, there is no analytic solution for the elastic wave
equation. To evaluate the accuracy depending on the stabilization coefficients, we build a reference
solution which is computed with a refined mesh composed of 80000 cells (while for the simulation we
have 50000 cells, Figure 13a), with a polynomial order of 7, and using 7yg. The reference solutions are
shown in Figure 14 where we also compare with the solution using a piecewise-constant representation.
Due to the exponentially decreasing nature of the density, we scale the displacement fields by \/p to
better visualize the solution, [4, 5]. For similar reason, the components of stress tensor are scaled by
1/\/p-

Comparing simulations using a piecewise-constant representation for the model parameters or allowing
them to vary within the cell, we see drastic difference. Using a piecewise-constant representation, the
solutions (both in terms of displacement u and stress tensor o) show wiggles and artifacts, while the radial
nature is not preserved. On the contrary, the simulations using model represented in a Lagrange basis
on each cell capture well the spherical pattern and provide smooth solutions. With such high variation
in the background models, we see that it is mandatory to design an efficient representation, and that
piecewise-constant is not appropriate, therefore, the HDG formulation based upon the compliance tensor
o is extremely useful as it allows us to vary the models within each cell, without having to compute their
derivatives (as it would be the case using a formulation with the stiffness tensor C).

In Figure 15, we plot the relative error € depending on the frequency and polynomial orders, for
the stabilization coefficients of (6.3). For some frequency and order, stabilization 7 results in a ill-
conditioned matrix that either cannot be factorized or lead to a particularly erroneous solutions, in
particular at low and high orders. This confirms the high-increase in condition number observed in
Figure 7. While stabilization 7,r appears stable, it gives a higher error than the other stabilization.
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x x x x x

(b) /P Re(uz). (c) Re(ozz) /v/p-  (d) Re(oz2)/ /P (e) Re(ozz) / +/P-

108

(f) v/p Re(uz). (h) Re(ozz) / /P

() v/p Re(uz). (i) Re(o22) / v/p- (1) Re(oz2) / /p-

Figure 14: Comparison of the solution at 4 mHz of the elastic isotropic wave equation using the solar-like
background models of Figure 12 using piecewise-constant representation (bottom) or allowing representa-
tions that vary within each cell (top). The computations use HDG formulation (u, o) g with stabilization
Tuc and polynomial order 7.

Namely, this heterogeneous test enforces the results that 7,¢ is the safest and more robust choice, while
scaling with the S-wave speed, with either 71, or Tur,, can provide good accuracy.

1072 \ \ 7 vl
*/zk/t\zk* i /
B e & 1072 & ' '
10-3 e 8 & !
Faastitiniiiy et a
B L S
= 107t - > Z%’“ F 107° \‘\f\\ {
5 =g 5 Sooow
3 + e
-5 4+ )
10 -t ® X Tulg — O - Tulg 104 X Tulg —O - Tulg 6\‘\
/igfﬂ — % - TuG —+- Tul -4+ - TuG —%- Tul \é _____
10-6 A Tur A Tulyg
| T T T -5 T | | |
4 6 8 10 10 2 4 6

frequency (mHz)

polynomial order

(a) €(u) for polynomial order 5. (b) €(u) at frequency 6 mHz.

Figure 15: Relative error & of (6.2) with frequency (left) and the polynomial order (right) for
benchmark2Diso-He using HDG discretization of formulation (u,o)s and stabilization coefficients of
(6.3).

7 Numerical experiments: elastic transverse isotropy
In the context of vertical transverse isotropy (VTT), there are five parameters that define the stiffness ten-

sor, see Subsection 3.5.2. These are the Lamé parameters A and 4 and the Thomsen’s parameters, €, § and
~. In Subsection 7.3, we further consider the tilted case that introduces two angles, cf. Subsection 3.5.3.
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7.1 3D homogeneous medium with planewave (benchmark3Dvti-Pw)

In this experiment, we start from the isotropic configuration of Subsection 6.2 to have a strong contrast
between the wavespeeds, and add anisotropy with non-zero Thomsen’s parameters such that we have,

Cube (—1,1)? with planewave
A=623x10"% p=10"%, p=1,
=112, § = -0.2 = 2.28.
benchmark3Dvti-Pw ‘ ’ 0235 v 8 (7.1)
Simulations with fixed mesh of about 40000 tetrahedra,

qP-planewave at w/(27) = 10 mHz; polynomial order4,

sH-planewave at w/(27) = 0.7 mHz; polynomial order4,

Here the values of the anisotropic coefficients €, § and « correspond to the muscovite crystal in [54].
This amounts to the following values of the stiffness tensor coefficients:

Ci1 = Coy = 2.025x107°, (53 = 6.25 x 1076, (7.2a)
Cay = O35 = 1078, Cp = 5.56 x 1078, (7.2b)
Cia = 11 — 2066 = 2.0139 x 1075, Caz = Ch3 = 4.5296 x 1075 . (7.2¢)

In Figure 16, we evaluate the accuracy of the solution depending on the stabilization for the HDG
formulation (u,0)s. The gP-planewave is computed at frequency 10 mHz and the sH-planewave at
frequency 0.7 mHz, leading to wavelength of size 0.329 and 0.259 respectively.
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(a) gP-planewave relative error ¢(ug) (left), e(oyy) (middle) and ¢(ozz) (right) for 10 mHz frequency.
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Figure 16: Mean of the relative error ¢ of (6.1) using the stabilization 7 := 71, and varying the magnitude

of coefficient 7. It corresponds with benchmark3Dvti-Pw (7.1) using HDG discretization of formulation
(u, 0)s at polynomial order 4. The relative error obtained with the Godunov stabilization 7y¢ is indicated
with the horizontal dashed line, and the values of the qP- and sH-wavelength with the vertical lines.
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The observations in the context of an elastic VIT medium follow those of the elastic isotropic case
of Subsection 6.2. For the qP-planewave propagation, the Godunov stabilization is the most accurate,
accuracy that can only be approached by using a scaling in terms of the qP-wavespeeed for identity-based
stabilization. For the sH-planewave propagation, the accuracy of Godunov can be improved by taking a
low-valued coefficient for identity-based stabilization, however the precise value is not the qS-wavelength
but below it. Therefore, the Godunov stabilization is most robust to treat both qP- and sH-waves.

7.2 3D unscaled homogeneous medium with planewave (benchmark3Dvti-PwB)

In this experiment, we use unscaled parameter values and select the ones of the Biotite crystal in [54],
which gives us
Cube (—1,1)? with planewave
A = 3.9157 x 101, p = 5.4848 x 10°, p = 3050,

= 1.222 6 = —0.388 = 6.12.
benchmark3Dvti-PwB ‘ ’ 7 (7.3)
Simulations with fixed mesh of about 40 000 tetrahedra,

gP-planewave at w/(27) = 15 kHz; polynomial order4,

sH-planewave at w/(27) = 10 kHz; polynomial order4,

This amounts to the following values of the stiffness tensor coefficients:

Ci1 = Coo = 1.7264 x 10, C33 = 5.0126 x 1010, Cuy = Cs5 = 5.4848 x 107, (7.4a)
Ces = 7.2618 x 10'°,  C19 = Oy1 —2Ce6 = 2.7399 x 107, (7.4b)
Caz = Cp3 = 1.0528 x 10'°,  p = 3050. (7.4c)

Here the magnitude of the parameters is much higher than in our previous experiments (that can be
seen as ‘normalized’ experiments), hence we have to adjust the frequency that is now to be selected in
the kHz. We use frequencies 15 and 10 kHz for the qP- and sH-planewave, which leads to wavelength
of size 0.362 and 0.358 respectively. The accuracy with the amplitude of the stabilization is pictured in
Figure 17.

In this experiment the magnitude of the stabilization has to be adapted to the physical parameters and
frequency that are much higher than in the previous experiments. Despite the qP- and sH-wavespeed
being relatively close in this experiment, we still observe that the Godunov stabilization is the most
efficient to handle qP-waves, while for sH-waves, a low-valued coefficient for an identity-based stabilization
suffices.

7.3 2D experiment with highly varying properties (benchmark2Dtti-He)

We now consider a 2D experiment with a point-source, and start from the high-varying properties of
the experiment presented in Subsection 6.3, that give us the Lamé parameters A, p, and the density p.
Then we use constant Thomsen’s parameters with ¢ = 0.25, § = 0.15 and # = 45°. In Figure 18, we
show the reference solutions at frequency 4 mHz, which is computed on a mesh with 80000 triangles
(while following simulations would use 50000 elements), using polynomial order 7 and the Godunov
stabilization. Compared to the isotropic case of Figure 14, we see that the solution is less smooth with
more wiggles. Note that for the TTI absorbing boundary conditions, we follow [7]. It is out of the scope
to investigate the accuracy of the anisotropic boundary conditions here.

In Figure 19, we plot the relative error & depending on the frequency and polynomial orders, for the
HDG formulation (u,o)g. We note that stabilization 74 can result in a ill-conditioned matrix hence not
all cases can be computed with this choice of stabilization. The results confirm the behaviour observed in
the isotropic case, that the Godunov stabilization gives the most accurate results, and the level accuracy
can be met with other stabilization with a well-chosen scaling factor (in terms of the S-wavelength here).
Namely, it appears that considering transverse isotropy does not modify the behaviour and efficiency of
the discretization.
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Figure 17: Mean of the relative error ¢ of (6.1) using the stabilization 7 := 71 and varying the magnitude
of coefficient 7. It corresponds with benchmark3Dvti-PwB (7.3) using HDG discretization of formulation
(u,0)s at polynomial order 4. The relative error obtained with the Godunov stabilization 7, aniso is
indicated with the horizontal dashed line, and the values of the qP- and sH-wavelength with the vertical
lines.

7
Y7\
e\

=

77 .;,’,-.-‘;%\\
oI
e

7 et
v/
i

7 A\\\\
TN G 'F\N\
« o filt \\("@"U/ T ‘\&@@)\ Wi | | o
W =71y /) NN/
0.5 =2/ N2/} —0.5
e 4 S
;;/ = —1 ‘ ‘
—0.5 0 0.5 —0.5 0 0.5 —0.5 0 0.5
x x x

(b) /7 Re(us). (c) Re(0a) / /P

(d) Re(ozz) / +/p-

(e) Re(owz) / +/P-

Figure 18: Solutions at 4 mHz of the elastic TTI wave equation using the solar-like background models of
Figure 12 with model representations that vary within each cell. The computations use HDG formulation
(u, 0)s with stabilization 7yg and polynomial order 7.

8 Conclusion

In this work, we have employed Voigt’s notation in the HDG method to describe compactly the discrete
problem for anisotropic elasticity. Additionally, a first-order formulation with compliance tensor is used
and allows for mesh-wise parameter variation. This, together with the Voigt’s notation which provides
efficient booking-keeping of physical parameters, form indispensable features in quantitative reconstruc-
tion of elastic parameters. Secondly, to determine an optimal choice of stabilization, we constructed the
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Figure 19: Relative error € of (6.2) with frequency (left) the polynomial order (right) for
benchmark2Dtti-He using HDG discretization of formulation (u,o)s.

hybridized Godunov-upwind flux for anisotropic elasticity, which offers a versatile choice and removes the
need for scaling factor tuning. This problem concerns in particular identity-based stabilization, a popular
choice due to its simple form, however one which lacks a universal scaling factor especially for geophysical
material. We have carried out numerical experiments in two and three dimensions, considering isotropic
elasticity and anisotropy, which highlight the performance and versatility of the Godunov stabilization.

A Planewave analysis for VTI

In this appendix, we provide the planewave analysis for vertical transverse isotropic media (VTI), following
[11, Section 1.3]. Tilted transverse isotropy (TTI) refers to material having one direction of rotational
symmetry. For VTT material, this direction is parallel to the z-axis, and the (z,y) becomes the plane of
isotropy. Recall the VTT stiffness tensor given in (3.123),

€11 ci1 —2¢e6 c13 O 0 0
C21 C11 Ci3 0 0 0
~ _ | cus Ci3 caz3 O 0 0 z-axis
Cvrr = 0 0 0 Ca4 0 0 rotational symmetry. (A'l)
0 0 0 0 caa 0
0 0 0 0 0 C66
A.1 Dispersion relation
The generic form of planewave is given by
Upy = pel@tk®) — pelwlt=skx) with |k| =1. (A.2)

Here, w is the angular frequency, p the polarization, k the direction of propagation, k the wave vector
and s the slowness, which is the inverse of the phase velocity: s = 1/v. The wave vector, phase velocity
vector, and slowness vector and their magnitudes satisfy,

k:kﬁ; v:vR; s :=
(A.3)

and relation k=
Substituting the planewave up,, of (A.2) into the wave equation (2.8), we obtain a relation for the
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velocity and polarization, written in the 3 equivalent variants??,
(TK) - p?)p=0 & (D(k) - po?)p =0

(A.5)
< (T(s)=pp=0.

e Using the first equation in (A.5), the eigenvalue is given by pw? satisfying the following relation,
also called the dispersion relation between w and the wave vector k,

det (T'(k) — pw?1d) = 0. Dispersion relation (A.6)
e Working with the second equation in (A.5), the eigenvalue is given by pv and satisfies,

det (I‘(IA{) — pvQId) =0. (A7)

Recall from Assumption (4.62) that the Kelvin-Christoffe]l matrix I'(k) is diagonalizable with three
distinct eigenvalues denoted by

pcflp > pcim > pciSQ, corresponding to direction k. (A.8)

The corresponding eigenvectors are p; which gives polarization of the planewave.

e The third equation (A.5) implies the following relation which defines the slowness surface,

det (T'(s) — pld) =0 Equation of slowness surface (A.9)
A.2 Planewave with propagating direction in the symmetry plane (z, 2)
The Kelvin—Christoffel matrix (4.61) for VTI material writes as,

K C1ik2 + CGGI%Z + Cssk? (A013 + 0535)];1;]%,2 A (Ci3 + 055)7359;{%
Lyri(k) = Ceeky + Cr1k; + Cssk? (Q11 - Q66)kxky X (A.10)
Css(k2 + ki) + Cs3k?

For direction of propagation only in (z, z) plane, we set ify = 0 in the above expression

C11k2 + Cssk? 0 (C1s + Css )k
FVTI(km; 0, k'z) = 0 Cﬁﬁkg + C55k'§ 0 (All)
(013 + C55)kzkz 0 C55k926 + 033]{13

Writing the determinant by expanding second row (or second column), the dispersion relation for VTI
material with k, = 0 gives,

SH dispersion relation, propagation

72 r2 2\ _
(066]% + Cssk — pv ) 0 direction in the symmetry plane. (A12)
or
(ani + C55k‘§ - pv2) <C55k§ + C33k‘§ - pv2) — (613 + C55)2kik§ =0,
(A.13)
for inplane dispersion relation for propagation direction in the symmetry plane.
22For the second and third equation we use relation
k) = k°I(k) = w?T(s). (A.4)

2
The second equation is obtained by dividing both sides of the first equation by k2 and using the fact that % = pv. The
third equation is obtained by dividing both sides (of the first equation) by w? and the fact that s = k/w.
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SH-planewave The dispersion relation (A.12) defines SH-wave speed and corresponding polarization
(or eigenfunctions):

. . 0
. . 2 2 . .
véH(kx,o,m:w, psu(ha,0.k) = (1], (A.14)
0

Since the above polarization is perpendicular to the propagation direction, this defines a family of pure
SH-waves,

0
1 eiw (t — SSH (I;:m;c+fczz)) <A15)
0

Note that the slowness surface associated with SH-waves is an ellipse, cf. [11, Figure 1.1].

Inplane planewaves The qSV- and gP-wave speeds are roots of dispersion relation (A.13), cf. also
[11, Equation (1.79)],

A 1 . .
vosy (ke 0,k) = 2% (ani + Cs3k2 + Cs5 — C) ,
A 1 . .
vip(he 0.h:) = o (Cuak2 + Cagh? + Cs +-C)) (A.16)
. N2 -
with C* = ((Cu — Cs5)k2 + (Cs5 — 033)k§) +4(Ch3 + Cs5)°k2 k2 .

The corresponding polarizations (eigenfunctions) are, for a = qP,qSV,

R R 1 \/055/72?32c + ca3k2 — pv2
\/(611 + 655)]{% -+ (055 + ng)k’g — 2pva \/011]%72; + C55k‘§ _ pvi

Thus we obtain the family of inplane planewaves:

Pa € (t = sa (koatk.2) , for a=qP,qSV. (A.18)

Propagation along inplane axis We consider the following specific directions along = and z axis.

— Propagation along z-axis: substitute k, = 0 in the expression of inplane polarization (A.17) and
speeds (A.16), we obtain

1 /C33 — pv2

pa(070a 1) = O )
055 - 033 \/ C55 - pvi (Alg)
o C
and  v2p(0,0,1) = - 2y (0,0,1) = =2

The polarization can be written more explicitly as

1 \/Ca3 — pvlp

pepr(0,0,1) = ————— ;
ar ) VCss5 + Cls3 8
0 (A.20)
1 0
Pesv(0,0,1) = ———

VCs5 4 C33 /055 _ pUSSV . Inria
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We thus observe that, with k = (0,0, 1)*, the above polarizations satisfy,
per(0,0,1) | k= (0,0,1)", pgsy(0,0,1) L k= (0,0,1)" (A.21)

The two inplane planewaves propagating along z-axis are true P and S waves. In another word,

Css

p
Css

(=v7p(0,0,1)) denotes the square speed of a pure P wave,
(A.22)
(: Ugsv (0,0, 1)) denotes the square speed of a pure S wave speod

— Propagation along x-axis: Substitute k. =0 in the expression of inplane speeds (A.16) and polar-
ization (A.17), we obtain

1 /Cs5 — pv2

Pa(1,0,0) = ————— 0 , for a =qP, qSV,
VO + G VG — pvg (A.23)
C C
ng(l,0,0) = 7117 ”35\/(170,0) ==

The polarization can be written more explicitly as

o
10.0) = 1 0550 Pla represents a pure P wave
Pqp(1,0,0) = VCi1 + Css 0 = with square speed % ’
(A.24)
1 0 represents a pure S wave
pqSV(l,an) = 0 055

—_— = .
VCi1 + Css N omey) with square speed s
(6%

We list below propagation speed along z and z-axis (i.e., with propagation in the symmetry plane), which
defines speed of true P or S waves,

C
AN pure S-wave speed along x or z axis in the symmetry plane,
p

@ o pure P-wave speed along x axis
p (also called squared horizontal P-wave speed)’
% o pure P-wave speed along z axis
P) (also called squared vertical P-wave speed)’
Remark 13 (In relation to Thomsen’s parameters). The above computation explains the origin of
wavespeed parameters (parameters o, Bo) in Thomsen’s set of parameters for VTI, [5/]. For wave prop-

agation in (x, z) plane, the direction of propagation k = (kI,O,%Z)t is now written in terms of the angle
beween k and the symmetry axis é,,

k, = cos#, ky =sinf. (A.25)
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The Thomsen’s parameters [5]] for VTI are,

apg = \/Cs3/p, wvertical P wavespeed (A.26a)

Bo = /Css/p, wertical (or horizontal) S wavespeed (A.26b)
_ Cn—Cs3

€ = ST (A.26¢)

Y = 06354544, (A.26d)

5 — (Ci3 + Cua)® — (C33 — Cug)? ’ (A.26¢)

2C33 (C33 — Cua)
The inplane and SH wave speeds (A.14) and (A.16) can be written in terms of 6 as

vep(0)®> = af (1 +esin®0 +D) , (A.27a)
2
vgsv(0)* = af (1 + % (e sin®@ — @)) ) (A.27Db)
0
vsp (0)? = B3 (147 sin0) | (A.27¢)
(A.27d)
where
2 1 i + e
_ - —3 g
D= L. —g 14 4(67225)511120%826‘—1—45#2 sin @ - 1f. (A.28)
A% (1-2) (1-2)

B Formal derivation of Kelvin—Christoffel flux

Numerical trace of gradient of a scalar quantity We review the definitions of numerical trace of
the gradient found in existing works on HDG method for second-order scalar equations, in particular for
the Poisson equation (static regime) and Helmholtz equation (dynamic regime). These will be isotropic
stabilization i.e. scalar scaling factor multiple of identity.

— Helmholtz equation : Consider Helmholtz equation, —Aw — w?w = f, written in first-order formu-

lation (with respect to spatial derivatives) but second-order in frequency, cf. [25],

q=-Vw, —ww+V.q=f. (B.1)

In the HDG method applied to the above system, working with isotropic stabilization, the numerical
trace for the first-order unknown q is given as, cf. [25, Equation (2.3)]

4 =4, + iwTdyn-scalar (Wp —W) ¥,  with positive Tayn-scalar = O(1). (B.2)

Here v is the outward-pointing normal vector along 0K.

Another equivalent approach is given by working with pure first order formulation (i.e. both in
spatial derivatives and w) unknown (§ = —LVw,w), with f = :f, ¢f. [39, Equation (2)],

iwq + Vw=0, iww 4+ V-q=7/, (B.3)
with numerical trace, cf. [39, Equation (4e)],
q= dh + Tdyn-scalar (Wh - \/’\V) v, with Tdyn-scalar > 0. (84)

In [39], numerical investigation is also carried out to compare different value for THeimnoltz = 1, %, h
with optimal convergence for Teimnholtz = 1, additionally, second option slows down the convergence

for w, and third one for Vw, cf. discussion in [39, Figures 2 and 4].
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The numerical traces in (B.2) and (B.4) are equivalent to,
Vw=Vw — iw Tdyn-scalar(Wp, — W)V, with positive Tqyn-scalar = O(1) . (B.5)

This is also found in [38, Table 1]. In [38], investigation on the effect of 7 is extended to complex
ones both for frequencies and scaling factor. Investigations therein are carried out to compare
7 € C, thus not just nonzero real. The conclusions of [38] is that for w real then the HDG method
remains uniquely solvable for ReT # 0. Additionally, the HDG method results in small artificial
dissipation which disappears for 7 pure imaginary and wh small enough, cf. [38, Page 21].

— Poisson equation : Another perspective is to work with static elliptic equation, specifically with a
solution to the Poisson equation, cf e.g. [22] which considers the mixed boundary problem for the
Poisson equation written in first-order formulation

q= _vwv V- q= f7
with numerical trace defined by, cf. [22, Equation (1.3d)]
% - vwh + Tstatic-scalar (U)h - )\) v, with Tstatic-scalar -~ 0. (BG)

In comparing Tstatic-scalar = 1, 7 and %, numerical investigation in [22] observes optimal convergence
rate for 1, cf. Table 4.1 therein.

Numerical trace of gradient of displacement vector In the HDG method, the displacement vector
u is approximated by

ujo by uy, = (uhm Uhy uhz)t , ulgx by A= (/\ch Ay )\Z)t . (B.7)

Associated with uy, define
1 t
Ep = B} (Vuh + (Vuh) ) , o, :=Ce. (B.S)

Starting from the definition (B.5) of numerical trace of the gradient of a scalar quantity, we obtain a
relation for the numerical trace of a gradient of each Cartesian component of the displacement vector u,

Vu; = Vupr —iw g (uf} — /\’}) v, alongdK, [=uxy,z2 (B.9)
We denote by 7; the HDG stabilization parameter, following (B.5), for direction I. In basis {é,,&,, €.},

the gradient of u is the matrix,
Viug
Vu = (V‘uy > s
Viu,

—h
expression (B.9) thus gives the I-row of Vu along 0K,

— 7. 0 0
Vu = Vuh —iw Sdiag (uh — )\) ® v, with Sdiag = ( 07y 0 ) . (BlO)

0 0 72

Recall that ® is the tensor product (2.3), with the stabilization matrix Sgiag is diagonal in Cartesian

/\h
basis. Note that the right-hand side of (B.10) for Vu holds in all coordinate basis.

Numerical trace of stress tensor The numerical trace of the strain and stress tensor o is given by

SN T\t
&= w, 6—Ce. (B.11)
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We next substitute in the expression (B.10) for ?TL and of € in (B.8), the numerical trace for the stress
tensor along 0K is a symmetric matrix given by,

E =€, — iw Sdiag (up, — A) Ov. (B.12)

Recall the symmetric tensor product © is defined in (3.15) Applying the stiffness tensor C (which is
defined on OK), to both sides, we obtain an expression for numerical trace of o,

o = U’h—iwC(Sdiag (up — A) Ov)=cp,—iwCET(up — A)) . (B.lS)

The second identity with @ is due to the symmetry of stiffness tensor C , c¢;jr = Cjiri = Cijik = Criij-
From this we obtain,
v = opv — iw M (u, — ), (B.14)

where M5 = [ - C - 1] - Sgiag = T (V) * Sdiag-

C Discussion of literature regarding stabilization employed in
HDG method for elasticity

In this appendix we review HDG stabilizations that can be found in the literature which are concerned
with time- and frequency-domain elastodynamics and elastostatics. The different stabilization are then
equivalently written in our notation, for formulations (u,o)s and (v,o)s. Note that most of the stabi-
lization in the literature are identity-based.

C.1 Stabilizations for frequency-domain elastodynamics
C.1.1 Discussion in [42]

Our reference is the discussion given in [42] for identity-based stabilization (i.e., using a scalar multiple
of the identity) for isotropic elasticity. Both formulations with first- and second-order in frequency are
considered in [42], with unknowns (u, 2o, 1) and (u, o, 1), cf. Equations (2.5) and (2.6) therein. Below,
by ‘equivalent’ we mean equivalent in our notation without the projection operator employed in [42],
and under convention v = —iwu. In particular, the numerical investigation in [42] is carried out with
unknowns (u, o).

1. The first variant works with unknowns

iO'hV = icrhl/ — 1x(u, — Puy), (C.1)
w w

with 75 : 0K — R3X3 satisfying: V&€ € L?(0K) and VK € Ty,

Sym

Cc1 = C2
EHﬁH?)K < (TrE, &)y < E”W”?}Ka (C.2)

for some constant ¢; and co, and hg size of element K. In our notation, this is ‘equivalent’ to,
E'?LV:UhI/ + iw‘rK(ﬁZ—uh), ﬂU:UhU—TK(\//}\L—Vh). (03)

2. In [42], it is also indicated that the sign of Tk is not relevant, and a variant called ‘time-reversal’
is proposed therein,

i i —~
—opv = —opv + T(Un —uy). (C.4)
w w

In our notation, this is ‘equivalent’ to,

O/'ZUZO';LV —inK(ﬁ\h—uh), ﬂVZO'}LI/—FTK(ﬂ—Vh). (05)

Note that in Subsection 6.2, we also investigate how the sign of the stabilization affects the accuracy.
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3. A w-scaled stabilization is also considered with,

- .
iUhl/ = iO'hu —wrg(a, —up) (C.6)
w w

In our notation, this is ‘equivalent’ to, with P a projection operator,
o =onv + iWwrtg(w, — Puy). (C.7)
4. A fourth variant is also proposed in [47] for elastostatics. In our notation, this is ‘equivalent’ to,

— — — i —

onw=opv + 7y — Puy), opv=o0opv + —7r(Vy— Pvy). (C.8)
w
Summary for value of scaling factor discussed in [42] The above variants can be summarized as
follows, cf. [42, Equation (6.3)],

onv = opv + agTi (U, —uy), (C.9)

with different implication for time-dependent problem, cf. [42, Proposition 6.3],

1 . . . 9
TK = 7 and ag = iw , —iw , iw*, or 1
K

dissipative energy conservative
accumulating

Here hg is the characteristic length of the mesh cell K.

C.1.2 Other works on frequency-domain elasticity

In [7, 6], for both isotropy and anisotropy, formulation with first-order in frequency and unknowns (o, v)
is employed. The numerical trace is given by, cf. [7, Equation (9)],

6=0,—-8SVr—AN®@n, éev=opv—S8(vp—N),

with § a local stabilization matrix. The above form was deduced from the numerical trace proposed in
[44], see below discussion. For numerical implementation in [6], S is in fact taken to be multiple of the
identity, for both isotropic and anisotropic elasticity.

C.2 Stabilizations for time-domain isotropic elasticity

e The work [31, Section 4.1] considers the isotropic elastic wave equation in the time domain, with
unknowns (F, v, V) where 9;F = Vv. The stabilization considered therein is, [31, Equation (35d)],

on(v = CE(t)v + S(a(t) — va(t)). (C.10)
The choice for S is a multiple of the identity, cf. [31, Section 4.1.3], such that
S=pcpld or pcgld. (C.11)

In our notation, this is ‘equivalent’ to (with convention d; <> —iw, this corresponds to time-harmonic
formulation (v, Vu,V)),

onv=on,v +S(Vy —Vvy), opv=oprv—iws(u, — uy). (C.12)

e In [44], the time-domain isotropic elastic equation®® is considered, cf. their Equation (30) therein,

pofu—V-(uVu + (u+A)V-uld) =f. (C.13)

23Note that this equation is not exactly in the original elastic equation. It is obtained if we assume p homogeneous and
rewrite V- uViu = puV - Viu = uVV-u=VvuV - u.
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Unknowns are the displacement gradient, the pressure, the velocity, and the trace of the velocity: (H :=
Vu,p:= (g + AV -u,v,V). The numerical flux is, cf. [44, Equations (33) and (36)],

m = pH, + pld — Syyy(vp —V) @ v,  with Sy, definite postive, (€.14)
— 14
= o{t)v=o,(t)v + 8[44] (V—vp).

A common choice for stabilization matrix is, cf. [44, Equations (37)],
Si4) = pweld,  where w, is the characteristic frequency . (C.15)
In our notation, this is ‘equivalent’ to

ov =0V + pwe(Ay —vp). (C.16)

C.3 Stabilization for elastostatics

e The formulation and stabilization of [44] were also employed for elastostatics in [43, Equation (55¢)]
and [28, Equation (2.11)], with identity-based stabilization, #ld, with h characteristic length, cf. [43,
Equation (5.6)].

e In [49], first-order formulation with unknown (u,L := —cY/ 26) is employed together with an isotropic
stabilization such that, cf. Equation (29) therein,

—

AW)CY?’L = AW)DY?L, — 7(Aa —up), 7>0. (C.17)

Here we have identified their notation D with C'/2? and N in [43] can be related to A(v). In our notation,
this is ‘equivalent’ to,
ov =opv + T(Au—uy), 7>0. (C.18)

Numerical investigations in [49, Section 5.3] use 7 > 0 varying from 0.1 to 1000. Their conclusion is that
the optimal value of the stabilization is not the same depending on if one looks at the accuracy of the
primal or mixed unknowns, cf. Figures 13 and 14 (ignoring the effect of post-processing) therein.

e Stabilization containing the symmetric stiffness tensor was introduced in [52, 33], working with un-
knowns (o, u) and numerical trace, cf. [52, Equation (3f)] and [33, Equation (5f)], and a fourth-order
tensor T = (Ty;k1),

Gij = Ohyij + Tijkl Ak — Un )V, for v-T - v positive definite, (C.19)
or ov = opv + 7 (Ay —uy), for symmetric positive definite 7. '

The well-posedness of the HDG formulation was given in [52] under the assumption that v- T v is positive
definite. In the second form of numerical trace, 7 = aI'(v) with « a scaling constant, and the Kelvin—
Christoffel matrix I', (4.61). Numerical investigations in [52, Section 5.2] consider a = {1, 10°, h, +}
with h the characteristic length of the mesh cell. As a follow-up to these results, in [33, Section 5], a
comparison between Kelvin-Christoffel stabilization (i.e., using @ = 1) and identity-based stabilization
was carried out, with the conclusion that both stabilizations give similar performance.
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