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Abstract

We derive and analyze a hybridizable discontinuous Galerkin (HDG) method for
approximating weak solutions to the equations of time-harmonic linear elasticity on
a bounded Lipschitz domain in three dimensions. The real symmetry of the stress
tensor is strongly enforced and its coefficients as well as those of the displacement
vector field are approximated simultaneously at optimal convergence with respect
to the choice of approximating spaces, wavenumber, and mesh size. Sufficient condi-
tions are given so that the system is indeed transferable onto a global hybrid variable
that, for larger polynomial degrees, may be approximated via a smaller-dimensional
space than the original variables. We construct several variants of this method and
discuss their advantages and disadvantages, and give a systematic approach to the
error analysis for these methods. We touch briefly on the application of this er-
ror analysis to the time-dependent problem, and finally, we examine two different
implementations of the method over various polynomial degrees and numerically
demonstrate the convergence properties proven herein.
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1 Introduction

We are concerned with numerical methods for the evolution of elastic waves on general
(heterogeneous anisotropic) linearly elastic solids. It is well known that elastodynamics,
in the time and frequency domains, has multiple applications in the fields of geophysics,
material science, structural engineering, oil exploration, aerospace, etc. This work is a
first contribution on the use of the Hybridizable Discontinuous Galerkin (HDG) method
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to the three-dimensional linear elastic wave equation in the time-harmonic regime, in-
cluding some insights on energy conservation properties when these ideas are applied to
evolutionary cases.

Mathematical literature contains a plethora of numerical methods for dealing with the
elastic wave equation, each with its own virtue and applications: spectral elements [6],
particle-based methods such as the Hamiltonian Particle method (HPM) [17], as well as
the more finite element styled Continuous Galerkin (CG) methods [10] and Discontinuous
Galerkin (DG) methods [13]. CG is well-known for its accuracy and reliability with smooth
data and simple meshes. The DG framework is praised for its capacity to handle all sorts
of complicated meshes and discontinuous data, to provide high-order accurate solutions,
to perform h/p adaptivity, and to retain very good scalability properties. However, DG
methods have been criticized because, for the same mesh and the same polynomial degree,
the number of globally coupled degrees of freedom is much larger than those of CG
methods.

Certain DG methods, however, including the ones we shall explore here, have the key
property of being hybridizable, i.e., the global system can be recast in terms of (statically
condensed onto) a single “hybrid” variable that represents the trace of the solution on the
boundaries of the elements. These form a family of methods that are, naturally, called
the Hybridizable Discontinuous Galerkin (HDG) methods [2]. The main idea for devising
these methods is to: (i) use a characterization of the exact solution in terms of solutions
of local problems and transmission conditions; (ii) use discontinuous approximations for
both the solution inside each element and its trace on the element boundary; (iii) define
the local solvers with the DG method; (iv) define a global problem by weakly imposing the
transmission conditions. This creates a global linear system for only the hybrid variable,
which is solved, after which the unknowns are recovered locally, again in parallel. This is
similar to the hybridized implementation of mixed methods such as the Raviart-Thomas
elements (see [2], [I12] and [I5] for more on this), except that the HDG method uses differ-
ent polynomial spaces and a stabilization function instead of a stable mixed finite element
pair. In certain cases, the hybrid space is smaller than that of the displacement /stress
spaces [1§], and this has resulted in renewed interest in HDG.

The HDG methodology was successfully applied to time-harmonic acoustic waves by
Roland Griesmaier and Peter Monk [9]. Their analysis involves first rephrasing the classi-
cal system as first order in frequency before moving to the weak formulation. Testing the
equations with the projected errors leads to a Garding-type identity, and, combined with
the dual equations to the classical system, the projected errors of both amplitude and
its gradient can be bounded. This last bound requires a rather involved bootstrapping
argument which is indispensable within our argument here.

Hybridizable DG methods have lately enjoyed further exposure in time-domain wave
problems. For example, Cockburn and Quenneville-Bélair’s work on HDG for the acoustic
wave equation [3] provides much of the framework for the insights on the time-domain
elastic problem at the end of this work. Nguyen, Peraire, and Cockburn implement an
implicit HDG numerical scheme for both time-dependent acoustic and elastic equations
[13], and more recently, Stanglmeier, Nguyen, Peraire, and Cockburn explore an explicit
scheme for the acoustic case [16].

The vector field formulation of elasticity introduces several distinct complications in



both the analysis and the implementation of HDG. Cockburn, Soon, and Stolarski give
a numerical implementation of HDG for planar elasticity, along with a proof of existence
and uniqueness of a solution to their particular HDG formulation [4]. Cockburn, Fu,
and Stolarski go on to analyze the convergence of this last method, which uses degree k
polynomial bases for displacement, stress, and hybrid spaces. They prove convergence at
an order of k + 1 for displacement and k + 1/2 for the stress [5], which is suboptimal; this
has prompted the exploration of optimally convergent HDG methods.

One issue is that the tailored HDG projections often used in the analysis may not
play well with the symmetry of the approximate stress tensor. Another is that using
bases of the same polynomial degree for displacement, stress, and hybrid spaces leads to
a suboptimal method. One method for addressing both of these issues is to introduce
special divergence-free symmetric “bubble matrices” as in [1], providing an extra control
on the stress-associated approximation space. This yields a weakly-enforced symmetry of
the approximate stress as well as optimal convergence of a postprocessed solution, taking
advantage of some superconvergent quantities.

Another approach entirely is that of Weifeng Qiu, Jiguang Shen, and Ke Shi for the
steady-state elasticity problem [14]. The special tailored HDG projections are left behind
for simpler L? projections, and the displacement-associated approximation space is ex-
panded by one polynomial degree. While this does then require some extra terms to be
bounded in the analysis, the net result is shown to achieve optimal convergence directly.
(Note that due to the disparity of polynomial degrees for the stress and displacement, op-
timal convergence of this method yields the same quality of the solution as a postprocessed
method based on a superconvergent scheme.) An important feature of this approach is
the strong symmetry of the approximate stress. See the introduction of [14] for more on
this. Expanding the polynomial degree of the primal unknown by one is an idea that can
be traced back to Lehrenfeld and Schoberl [I1], but Qiu, Shen and Shi compensate by
adjusting the order of the primal unknown piece of the stabilization function to O(h™1)
as well as a projection operator from primal approximation space onto hybrid space.

Our choice of polynomial approximating spaces and projections is that of Qiu, Shen,
and Shi in order to be able to work on the most general polyhedral mesh possible. However,
the frequency-domain problem, unlike the steady-state problem, is not coercive, so we
wind up with a Garding-type identity similar to that of Griesmaier and Monk’s [9], after
following their example and first phrasing the classical system as first order in both
frequency and space. The two analytical recipes from [I14] and [9] are here carefully
blended to approach the time-harmonic elasticity case, which has implications on the
choice of numerical flux and its dependence on the wavenumber.

The following treatment of HDG for time-harmonic elasticity, however, comes with its
own complications, not only with regard to the hybridization of the DG scheme, but also in
consideration of the dependence on the wavenumber. We have also developed a simplified
system for dealing with the double-bootstrapping process, which is now even messier
due to the use of L? projections rather than tailored HDG projections. By varying the
numerical flux, we wind up with several different HDG methods for the time-harmonic
linear elastic problem. We proceed to show how some of these methods can be used
to produce semi-discretizations in the time domain and that one of them is actually
conservative.



What follows is a rigorous treatment of the error analysis and well-posedness of HDG
methodology as applied to the problem of three-dimensional time-harmonic elasticity
on a polyhedron with mixed boundary conditions and strong symmetric stresses. We
explore how this analysis can shape the stability mechanism for a method of numerically
integrating the time-dependent system, in particular for the second-order-in-frequency
case. Numerical experiments are carried out to demonstrate convergence of both the first-
order method and a second-order variant. We then compare, using various polynomial
degrees and tetrahedrizations, the sizes of the global linear systems involved in HDG and
Lagrange element CG, demonstrating an advantage of HDG at large polynomial degrees.

Notation. Given an open set (), we will write

o= [ vioi= [wev, (€0 = [€xi= [ racexe),

for real square-integrable scalar, vector-valued, and matrix-valued functions. The symbol
T will be used for real transposition of matrices. When used for complex-valued fields,
all brackets will still be defined in the same way, and will be therefore bilinear and not
sesquilinear. In the same spirit, T will denote transposition and the colon will be defined
as above, even when applied to complex matrices. The set of symmetric real 3 x 3 matrices
will be denoted Rg’yxn? and the set of symmetric (not Hermitian) complex 3 x 3 matrices will
be denoted C3X3. Similarly, the set of antisymmetric real 3 x 3 matrices will be denoted

sym”*
R2X? and the set of antisymmetric complex 3 x 3 matrices will be denoted C22.

2 Problem setting and HDG discretization

Let Q C R3? be a polyhedron with Lipschitz boundary I'. We assume that I is divided
into two non-overlapping parts I'p and 'y, where we will respectively impose Dirichlet
and Neumann boundary conditions. For simplicity we will assume that each of I'p and
'y are made up of full faces of I'. We will be looking for a displacement field u : 2 — C3
and for the associated stress tensor o : Q — Cg’;n? The stress field is given by a general
linear non-homogeneous anisotropic law:

o = Ce(u), e(u) == 3(Vu+ (Vu)'),

where for almost every x € €, the linear operator C(x) transforms real symmetric matrices
into real symmetric matrices, satisfies the symmetry condition

(C(x)€):x=&: (C(x)x) V& x eRy
and the positivity condition
(C(x)€): €>Co€ € VEERY,,

for some Cy > 0. Moreover, we assume that the components of the tensor C with respect
to the canonical basis of R3X3 are L°°(€2) functions. The other physical parameter in

sym
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the equations to follow is the strictly positive bounded density p : @ — R, so that the
weighted norm is equivalent

Cillullg, < [[ull} = (pu, @a < Coflulfs.

In strong primal form, our problem is the search of u such that

V-5'+/<e2pu:¥ in €, (2.1a)
u=gp on FD, (21b)
on=gy on I'y, (2.1¢)

where: & = Ce(u), the divergence operator is applied to the rows of &, f € L2(Q) =
L*(Q)3, gp € HY2(I'p) = HY*(T'p)?, gn € L2(I'y) = L*(I'y)?, n is the unit outward-
pointing normal vector field on 'y, and x > 0 is the wave number. In the weak primal
formulation (where problem is typically studied), the Dirichlet condition is under-
stood in the sense of traces, while the Neumann condition holds in a dual space with
negative Sobolev index on the boundary I'y. We will assume that 2 is not an eigenvalue
for the associated Navier-Lamé operator u +— —V - (Ce(u)) with the given boundary
conditions, i.e., we assume that the only solution of with zero right-hand side is the
trivial solution.

The discretization will be done for a first order (in space and frequency) reformulation
of . We first need to invert the elastic law C. With the hypothesis given for C, we
can assert that for almost every x € ), there exists a linear operator A(x) = C(x)™?,
transforming real symmetric matrices into real symmetric matrices. On the set of matrix-
valued & : Q — C3%3 functions with L?(Q) components, we define the elastic potential
norm

CleH?l S ||£||?4 = (A£7E>Q = (ASre +7/A€im7§)9 S OQHEH?Z

We emphasize that we will always use bilinear (not sesquilinear) brackets for L*-type
products, and that the symbol used for the Frobenius product of matrices (the colon) will
not include conjugation. We then introduce the new unknown and data

? 1

o= -5 =—Ce(n), fi=-f  gyi=—8n.
K K K K

and write (2.1) as the equivalent first order system

Ao +e(u) =0 in €, (2.2a)
V.o+wpu=f=f in Q, (2.2b)
u=gp on I'p, (2.2¢)

on =gy on I'y. (2.2d)

A similar formulation can be found using the original data and the stress tensor o, so
that the equations are Ag — e(u) =0 and V - & + % pu = f. (This will be discussed in
Section [0} )

We next introduce the HDG discretization of . Since the method we use is Qiu
& Shi’s [14], we will not repeat the derivation. We start with a shape-regular conforming
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tetrahedrization 7T, of the domain €2. The set of all faces of elements of 7, is denoted &y,
and we will sometimes understand that &, is the geometric skeleton of the triangulation,
i.e., the union of all the faces of all elements. The method involves three discrete spaces

Vi = {€:Q = CO ¢ €k € Pu(KGCER) VK € Th, (2.3a)
W, = {u:Q—C:ulg € Pppi(K;C%) VK € Tpl, (2.3b)
M, = {pu:& —C?: ulp € P(F;C*) VK €&,}. (2.3¢)

In (2.3)), P,.(K;S) is the set of polynomials of total degree up to r defined on K and with
values in S € {C353, C*}, while Py (F; C*) are vector valued polynomials on the tangential

coordinates defined on the face F' and of degree not greater than k. We will also use the
orthogonal projector

Py [ L°0K) — ] H P(F;C?), (2.4)

KeTy KeT, FEE(K

where E(K) is the set of faces of OK. Note that M, can be identified with the subspace
of the set of the right-hand side of consisting of functions that are single-valued on
internal faces.

Stabilization is carried out through a function 7 defined as follows: for each element
K € Ty, a function ¢ : 0K — R satisfying (a) Tx|p is constant on each F € £(K);
(b) there exist two positive constants such that

i lello < (Ticps Box < Cohidpll5e Vi € L(0K), VK €Ty, (2.5)

where hg is the diameter of K. The symbol 7 will be used to denote the function defined
on the set of boundaries of all elements as above, understanding that 7 can be double-
valued on interior faces. The numerical fluxes follow the pattern of HDG methods: the
one corresponding to the displacement will be an unknown u; € M, while the one related
to the (normal) stress is given elementwise with a formula in terms of all the unknowns

E'hn = opn + TK(PMuh — ﬁh) 0K — (C3. (26)

Here the normal vector field n : 9K — R3 is unitary and points to the exterior of K. At
this time, we can write the HDG discrete equations for (2.2)). We look for (o, up, uy) €
Vi, x W), x My, satisfying

16( Ao, &)1, — (up, V- &)1, + (Up, €n)sr, =0 VE € Vy, (2.7a)
—(oh, VW), + (0rn, W)o7, +15(pup, w7, = (f,w)7, Vw € Wy, (2.7b)
(O, wlorar, = (8N H)ry V€ My, (2.7¢)

(Up, )T, = (8D )T, Y € My, (2.7d)

with (2.6) as the definition of &,n and brackets defined as follows:

(u,v)7, = Z(U,V)K, (w,v)or, = Z U, V)ox = Z /

KeTy, KeTy, KeTy



and

<u>V>37'h\FD = Z <uuv>8K\FD-
KeTy,

Equations (2.7¢) and (2.7d)) can be added together as a single equation tested against My,
which shows that (2.7)) is a square system of linear equations. The discrete momentum
equation (2.7b]) can be equivalently written as

(V : O'h,W)Th + <T(PMuh - ﬁh), PMW>8Th + Z:‘i(p U, W)Th = (f,W)Th Vw € Wh. (28)

We note that the degree of the polynomial space used for uy, is one higher than the one
used for the other unknowns and the fact that P, has been introduced in the definition

of the flux (2.6) so that &4n € [[pcg ) Pe(F;C?).
3 Main results

Regularity assumptions. From now on we will assume that p and the coefficients of
C are in W1*°(Ty). Let us now consider the coercive problem

V- (Ce(w)) —pw=r in €, (3.1a)

w=20 on I'p, (3.1b)

(Ce(w))n=0 on I'y. (3.1c)

We will also assume that the solution of (3.1)) for arbitrary r € L*(Q;R?) is in H*(Q;R?)

and that there exists a constant C' > 0 such that
w20 < Cllr|lo. (3.2)

For the time-harmonic problem, we will denote by C, > 0 the constant such that the
solution of

V- (Ce(w))+r’pw=r in €, (3.3a)
w=0 on I'p, (3.3b)
(Ce(w))n=0 on ['y. (3.3¢)
can be bounded by
[Wllio < Cellrfla. (3-4)

Note that we have assumed the unique solvability of (3.3]).

Error quantities. The error analysis will be carried out by comparing numerical solu-
tions and orthogonal projections. Let ITy : L*(Q; C3%3) — V), and TIyy : L*(Q; C3) — W,

sym

be the orthogonal projections onto the discrete spaces. Consider the errors
e; = Ilyo — oy, ey = Iyu — uy, €, = Pyu—uy,
and the best approximation errors

ey =1lyo — o, g, = llypyu —u.



For convenience, we introduce the skeleton norm

lpalle := (rh o
For the error analysis we will allow constants to depend on the density p and on the
coefficients of /A. While the influence of these physical coefficients in the inequalities can
be tracked with careful arguments, the results seem to be too involved to obtain precise
conclusions on how h and s interact with them. However, we will pay attention to the
maximum spectral value of the inverse compliance tensor, i.e., to the positive bounded
function such that for almost every x € Q2

(Ax)€) € <ca(x)€:€ V€€ R (3.5)

Theorem 3.1. There exist C7,Cy > 0, dependent only on the shape-regqularity of T,
the density p and the coefficients of the inverse compliance tensor A such that if h(1 +
k)31 + KOy + Cy) is small enough, then the errors can be bounded by

leqlla + &2 Posef; = &5l < Cr(1+17%) (Rolia + b |u

S,Q)

and
lefllo < Co(l+ kC)k2(1+ k) (B o |uo + h|ulsq),

ifk>1,ue H(Q;C?) with1 <s<k+2, and o € H/(Q;C¥>3) with 1 <t <k+ 1.
Optimal error estimates are
lo —onlla =00 ), [lu—wylo=OH"?).

With some additional scaling inequalities, keeping in mind that 7 scales like h~! elemen-
twise, it is possible to show that

lu =Gyl = O(R*).

The estimates of Theorem can also be written in terms of the original physical vari-
ables. If we denote o}, := —iko7,, then

Ty e — ol + &2 Parel — 84|, < Ci(1+ &2 (h!|F |0 + b Klulsg),
lefllo < Co(1l+ kC)E*2(1 + k)* (BTG |0 + h¥k[ulsq).

Unique solvability. Theorem can be used to prove existence and uniqueness of
solution of for h small enough (depending on the wave number k). The argument
is as follows. Consider the system with homogeneous data: f = 0, gy = 0, and
gp = 0. Let (op,up,uy) be any solution of this homogeneous set of linear equations.
Theorem applied to this solution and the exact zero solution shows that (o, us, uy)
has to vanish. Therefore, the linear system (with as many equations as unknowns)
is uniquely solvable for any right-hand side. The logic of the use of Theorem [3.1}is slightly
warped: it assumes the existence of a discrete solution, which we know to happen at least
for the homogeneous case, and then it uses the error estimates to show that the system
is actually uniquely solvable.



4 Local solvability and energy identity

Lemma 4.1. There exists C > 0, depending only on the shape reqularity of the grid, such
that
IVllx < Chiclle(v)llx

for all v.e HY(K; C3) satisfying

(v.wox =0 Ype [ Po(F:C?). (4.1)
Fe&(K)

Proof. A scaling argument, using only that |, oV = 0 and a Poincaré inequality on the
reference element prove that
IVl < Chi|[ Vv«

On the other hand, by a straightforward extension of [14, Lemma 4.1] to our complex-
valued fields, we have the local Korn inequality

inf |Vv+¢&|x <Cle(v)|lx Vv e H'(K;C?. (4.2)
e(C3><3

skw

The constant in (4.2)) depends only on the shape-regularity constant of the mesh. Finally,
if £ € C**3, then

(Vvaﬁ)K = <V7€n>8K = 07
since v satisfies (4.1]). Therefore

inf [|Vv+£&lx =Vl

skw

and the proof is finished. O
The following result shows that the local equations associated to (2.7al)-(2.7b]) are

uniquely solvable, i.e., given the data functions and u,, we can compute o, and uy
element by element. This is the key ingredient to show that the HDG method is
actually hybridizable, that is, it can be recast as a linear system where u;, € M, is the
only variable. To simplify the proof, we introduce the weighted norms

€1 = (A& &)k VI k= (pVv. V)
Proposition 4.2 (Local solvers). If C' > 0 is the constant of Lemma[{.1] and
1
khyg < 7 > (4.3)
Cllealli= ool o

then the local solver associated to the element K € Ty is well defined. In other words, if
(o,u) € Pp(K;C3%3) x P (K; C3) satisfies

sym
(Ao, &)k — (W, V- €k =0 V&€ e Pu(K;CL), (4.4a)
(V-o,w)kx + (TPyu, w)ox +16(pu, w)g =0 VYw € P (K;C?), (4.4b)

then (o,u) = (0,0).



Proof. Note that we only need to prove that u = 0. Testing (4.4a) with &, conjugating
(4.4b)) and testing it with @, and adding the result of these two equations, it follows that

s ([lorll% = llallf ) + (TPt Pyu)or = 0.

By ([2.5)) it follows that Pyu = 0 and ||o|| 4, x = ||ul|, x. Going back to (4.4a)), integrating
by parts, and using that Pyu = 0, it follows that

(Ao, &)k + (Vu, &) =0 VE € Pr(K;CX3). (4.5)

sym
Testing (4.5) with & = (1), it follows that

e = (Vu, e(@)x = wl(Ao. e(@)x| < rlleall}= 0 lollaxle@) .

where we have used (3.5). Note that u satisfies (4.1), given the fact that Pyu = 0.
Therefore, by Lemma if €(u) = 0, then u = 0 and the proof is finished. Otherwise
u # 0 and, by Lemma [4.1] and the equality ||o|| 4 x = |[ul|,x, we can bound

1/2 1/2
lulx < Chiclle)li < Crhuclleall2 o llollas = Crhuclleal Y2 o Tl

1/2 1/2

and we arrive at a contradiction if (4.3]) holds. ]

Proposition 4.3.

willef | — lenll?) + [P arey, — &5 l7

=1k ((Ae]. e7) 7, — (pel ep)r,) + (Enn, el — €)o7, + (T er, Puey — €)or-

Proof. Substituting (IIy o, [Iyyu, Pyu), where (o,u) is the exact solution of in
the left-hand side of discrete equations, and subtracting the actual discrete equations
(2.7) (with better written in the form ), it is simple to prove that the errors
(e7, e}, ep) € Vi, x Wy, x My, satisty

wi(Aeq, &) 7, — (e, V - &)1, + (€, &€n)ar, = 15(Aeh, &) 75, (4.6a)
(V- ep, w7, +1s(pey, w)T,
+Hr(Pye, —ep), Puw)ar, = w(pey,, w)7, (4.6b)

+ (epn, W)ar, + (T€), Pyuw)oar,,
(epn+ T(Pyey, —€p), wornry = (€7, wornry + (TPueR, worar, (4.6¢)
</e\1ita I’I’>FD = 07 (4'6d)

for all (&, w, u) € Vi, x Wy, x My,. Clearly (4.6d) is equivalent to € = 0 on I'p. We now

(i) test (4.6a)) with & = €, (ii) conjugate (4.6D) and test the result with w = e}, (iii)
conjugate (4.6c) and test the result with g = —e}'. The results of these three steps are
added and reorganized ((4.6d)) is used for this) to prove the proposition. O
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We next bound the last two terms in the right-hand side of the identity in Propo-
sition [4.3] From this moment on, we will frequently use, without additional warning,
approximation properties of the L? projections onto the space of piecewise polynomial
functions.

Proposition 4.4. If k > 1,
(€7, e — €h)or, + (T e, Puey — &)ar | < C1 (Mol + b ulso) [Paey — &l
+ Corll|o o (1ol +llef]la) ,
if o € H(Q;C*3) for 1 <t <k+1andu € H*(Q;C?) for 1 < s <k+2.

Proof. Following [14, Lemma 4.3], it is possible to show that

[(e7n,ef —€h)or| < Ch'lolua (IPuey —&ll- + [lelep)lln)  (4.7a)
(r&f. Puet —&)om| < Ch*'lulallPaet — &, (4.7)
We recall that the argument leading to the proof of (4.7b]) needs the traces of rigid motions

to be in My, which is where the additional hypothesis £ > 1 is used.
We next test the first error equation (4.6a)) with & = e(e}) restricted to K to obtain

le(eh) i = (Vey, e(ef)x = (Al — €7), e(e}))x + (Purej, — €, e(ef)n)or.  (4.8)

The scaling hypothesis on 7 given in (2.5) and a scaling argument using the fact that
e(e}) is a polynomial on K show then

< [[Pael — 8 floxllele)]lox
< Ol (Paref — &0)|oxchil’lle(e)lox
<

1/2 u U
O\l (P el — ) |lox|le(el)] i

|(Pae) — €, e(ef)n)ox |

Substituting these bounds in the right-hand side of (4.8)), and adding over all elements,
using (3.5]) (the spectral bounds on the inverse compliance tensor) it follows that

le(ep)lln < Cr(lleglla+ llerlla) + ClPaey — €]l (4.9)
Plugging (4.9) in (4.7), the proposition is proved. O

5 Dual problem and bootstrapping process

We consider the adjoint system to (12.2)):

—1kAY —e(¢p) =0 in €, (5.1a)
V- -y —iwkpp=e, in €, (5.1b)
¢=0 on I'p, (5.1c)

Yyn =20 on ['y. (5.1d)
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This problem is uniquely solvable if , or equivalently, (2.1, is. If we assume regu-
larity for the coercive problem , expressed in the bound , and assume the local
smoothness of the coefficients given at the beginning of Section [3], then it is easy to see
that ¢ € H*(Q; C?) and ¥ € H'(Q; C3*%). Morever, we can bound

Iplle + lpglliz + 1A%l + 1Wlh7 + £ l20 < Dilleylle. (5.2)

where D, := C (1 + kC, + C,), C, being the constant in (3.4) and C' being allowed to
depend on the regularity constant as well as on the physical coefficients. Here the
norm || - ||1,7, is the natural norm of the broken Sobolev space []x.. H'(K). We note
that, while the regularity requirement can be somewhat relaxed, the analysis in this paper
(see also [14] and [9]) needs a certain amount of regularity for the solution of the dual
problem (which can be translated to regularity of the solution of ) due to the need
of having square integrable normal traces of @ on the faces of the elements.

Proposition 5.1 (Duality identity).

lehlls = ws ((Aef, ¥ — yap)7, + (Ae], Iyep) 7, )
+ii ((pei, @ = Mw )7, + (peh, lw)7,)
+(ej, — €, (¢ — Hyp)m)or,
+(r(Pue, —€,) — TPuey, & — llwdlor, + (7, Uwd — Pud)or,.
Proof. The proof is similar to duality arguments in [I4] (and related references). We give

here a very systematic approach to help understand the logic of the argument. We first
conjugate equations (5.1)) and then test them with the discrete errors (ef, e}, €}):

ZK<A62’E)7Z + (V : GZ, HWE)T;L - <62n,$>37—h = O, (53&)
—(eh, V- Iyy)7, + (ef, [Ivep — Y)n)or, +u(pey, )7, = [lep (5.3b)
(€, ¥m)ar, = 0. (5.3¢)

Note that to reach and we need to integrate by parts and introduce pro-
jections wherever possible. Also, (5.3c) reflects the fact that 1 does not jump across
interelement faces as well as the equality €' = 0 on I'p. The second ingredient for the
proof is the set of error equations tested with (ITy4p, Iy ¢, Pas), to yield

wi(Aef, ), — (e}, V - TIya) 7, + (€], ¥n)ar, = (1(2h), (5.4a)
(v : 627 HWE)T}L + Zﬁ(peqﬁ?a)ﬁ = EZ(QS)’ (54b)
_<€zn75>87—h == ﬁ3(¢)7 (54C)
where
L) = s (A, ¥ — Ty )y, + (Al Ty )7, ) + (€, (¢ — Ilvep)n)oar,,
b(¢) = w((pe}, d — Uw)7, + (pey, wd)7,)
+(epn, Hw@an + (TP uey, Ewaaﬁ — (T(Paey — &), Iy @)or,
b(@) = —(ein,Py)ar, — (TPueEy, d)oT, + (T(Puey —€;), d)oar, -

12



Note that in (5.4) we have kept in the left-hand side of the error equations only those
terms that appear in the left-hand side of ([5.3). We have also eliminated some redundant
projections and applied that ¢ = 0 on I' . The proof of the result is now straightforward:

add equations (|b.3) and substitute equations ({5.4)) in the result. O

The next step in the proof of the error estimates is a bound for ||e} || obtained by
carefully working on the right-hand side of the duality identity in Proposition [5.1. To
alleviate the proof from an excess of constants, we will use the convention that a < b,
whenever there exists a positive constant C' independent of h and k such that a < C'b.

Proposition 5.2. If hxD, is small enough if o € HY(Q;C3*3) for 1 <t <k +1 and if
uec H5(Q;C3) for1 <s<k+2, then

lehlle < Ak + 1) Dy (lleflla + [Pase); — €3l + hlolea + 7~ ulsa) .

Proof. As already mentioned, we first estimate the right-hand side of the equality in
Proposition . Let [f]; be the best L*(2) projection of f on the space of piecewise
constant functions, i.e., [f], = ﬁ fK f in K for every K.

Notice that

(Aef, 3 — Ty )7, + (Asf, Iy ep) g, = (Alo — on), ¢ — Tlvp)7, + (7, AP — [AP)7,,
and then we can bound
|(Aef, o — TIvep) 7, + (Aef, TIvp) 73| S hllo — onllallug, + hlleflalAtlia.  (5.5)
Similarly, the equality
(pep, @ —w@)7, + (peh, Tw )7, = (p(u —wy), é — MwP)7, + (eh, pd — [pdln) 7
can be used to estimate
((0eh, @ —w)7, + (pep, Mw @)z | S hlla—willeldho + hlesllolodlin  (5.6)

Using (4.7a) with ) in place of o and t = 1 and (4.9)), we can estimate

[(eh — &, (¥ — vyp)n)or| S h(lle7lla+ lleflla+ [Parey —€ll) [hr.  (5.7)
Using (4.7b]) with ¢ in place of u and s = 2, we bound
[(T(Paeh —€4), ¢ — Mw)or | S hlIPwe; — &ll-¢lo- (5.8)

With a scaling argument and the bound (2.5)) (stating the size of the stabilization paraneter),
we can bound on every K

(TPy(u—Tyu), @ — Hwo)ox| < hi'llu—Twuloxl|¢ — Mwe|ax
<

hi{|u|s,K|¢|2,K

and therefore B -
(TP upey, @ — lwd)or, | S M |ulsoldla0. (5.9)
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Similarly

[(e7n, Py — llw o | S B alallae. (5.10)
Collecting the estimates — to bound the right-hand side of the identity in Propo-
sition , and using the regularity bound , we can bound

lex &, S hiDelleylla (lehlla + lleflla + 1P arel —&ll-)
+ h(1 4 K)D, (koo + h* " ulse)
The proposition is now a simple consequence of the latter inequality. O]

The proof of Theorem follows from the energy identity (Proposition and the
estimates of Propositions [£.4 and [5.2] by a careful bootstrapping process.

Proof of Theorem[3.1 To simplify the algebra involved in this final step, let us give sym-
bols for the quantities we want to bound

Si=lefla Ti=r"Pye; — 6l U= lejla,

and for the approximation terms

¥ = hlolia, Uy, := h* Hulsq.
With this shorthand, Propositions [4.3] and [4.4] yield
122 T < T8, +UU, + 6 V32, + Up)T + 22 + U2 (5.11)
If @ :=h(1+k)(1+ kCy) = D.h(1+ k), Proposition [5.2 can then be rephrased as
U< a4 2, + Uy + £27). (5.12)

Substituting in the right-hand side of , and reordering terms, we have
Y24 T? < oY+ X(8 4 aly)
+a?kT? + T(k7 Y20, + as'?U), + £7125)) (5.13)
+H(1+a*)Z} + (a + a®)Uj.
Let now C' be the constant that is hidden in the symbol <, and let us assume that
Ca? < i and Ca’k < i (5.14)
We now use Young’s inequality ab < iaQ +b%in to get
P4+ T? < 134T
+C2(Z + aUp)? + C*H(5 YU, + arx'?U, + k7125,)?
+C (14 a®)Z; + C(a+ o*)U;.

We can now simplify this expression using ((5.14)) to obtain X2 +T? < (1+x71) (X2 + U3),
or equivalently

S+ T <A+ 67Y2) (8 + Up). (5.15)

Using in (5.12), we can finally prove that
U< a(l+ Y2+ kY2 (S, + Up). (5.16)
This finishes the proof. O
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6 Variants and insights

Matrix form. We first give a matrix representation of the method of Section [3| Equa-
tions and suggest the following orthogonal decomposition M;, = M’ ¢ M?
where MP = {p : plr, = 0} = {plor\rp, : 1 € My}. We now take real-valued bases
for the spaces V;, Wy, MZD, and Mf and identify the unknowns o, € V,, u, € Wy,
Uplomr, € MPP, and U,lr, € My, with respective complex column vectors g, u, aP.
and @”. We then consider real matrices associated to the following bilinear forms that

are understood as functionals acting on the unknowns:

(Ao-ha E)Th € € Vh Ag?

(V'O’h,W)Th WEWh Dg,

(onn, p)or\rp p e MpP No,
<Uhn7 /~"’>FD j 2 S MhD NDQ?

(pun, w)7, weW,  Mu,
(TP, Pyw)r w e W, Thu,
(TUR, Wh)oT\Tp we W, Tiu™,
(TUp, Wi)r,, w e W, Tpu®,
(T, o rp p € M Toou™”,

<ﬁh7 IJ’>FD [UAS MhD MD@D'

Note that the matrices A, M, and Ty are symmetric and positive definite, while Ty,
is symmetric and positive semidefinite. The method given by equations (2.7) is then
equivalent to the linear system

KA -DT NT N} o 0
D kM + T —Tie —Tp u . i (6 1)
-N  -T], Ty, O a? | | ey | ‘
O O O Mp P 9,

where the definition of the vectors f, g, and g  is self-evident. Equations (6.1) are
equivalent to the following system

A D' -NT N, 1 [¢g 0
—D —k*M — kT Ty wTh u | f
N —1kT, 1wTey O i 'gN ’
O O O Mp P 9,
where 0 = —iko, ? = —kf, and EN = —ukg,. This change of variables in the first

unknown and in the right-hand side reverts the system to the original physical variables
(the ones with a tilde in Section [2]) so that the equations are second-order-in-frequency.
It is clear how the stabilization terms are the only complex-valued ones in the system.
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Hybridization. The four matrices in the upper left 2 x 2 block of the matrix of (6.1])
are elementwise block diagonal. The hybridization process consists of solving the system

i
(v mder |, Joma) 2o —mgye (v mmle [ 7]

~Tp J

D Jpp

where the invertibility of

was the object of Proposition [1.2]

Variant # 1: time reversal. While we are not making any claims about the behavior
of the method for high frequency problems, we have kept x visible everywhere. We next
explore some variants of the method that can be obtained by changing to second-order-in-
frequency form and exploring different choices of the stabilization parameter. The energy
identity of Proposition [4.3|is the trigger for the analysis of the method. It is there clear
that the sign of the boundary term is not relevant and a method based on the numerical
flux
5'hn =opn — TK(PMUh — ﬁh) 0K — (Cg

has the same convergence properties as the method presented in Section[2] As we will see
later in this section, this method corresponds to time reversal.

Variant # 2: k-scaled stabilization. The factor /2 in the error estimate of The-
orem suggests the following variant of the numerical method: we still use equations

(2.7) by change the definition of the numerical flux to be
E'hn = O'hn—i—m'K(PMuh—ﬁh) 0K — Cg. (62)

(Note that, as shown in [§] for the acoustic wave equation, making the stabilization
parameter depend on x is a must when we want to deal with complex frequencies. This
dependence has also some desirable properties.) The proof of Theorem can be easily
adapted to deal with the method whose stabilization term is given by (6.2)). The error
estimate is given in the following theorem.

Theorem 6.1. There exist Cy,Cy > 0, dependent only on the shape-regularity of T,
the density p and the coefficients of the inverse compliance tensor A such that if h(1 +
k)3/2(1 + KkC,) is small enough, then the errors can be bounded by

lefla+ [Parel = &llr < Co((1+ &7 |o|ea + 7" uls0)

and
llerlla < Co(1+ kCy)(1 + H)((H + /fl)htﬂ\a\m +h*(1+ /i)\u\s,g),

ifk>1,ue H(Q;C3) with1 <s<k+2, and o € H'(Q;C>3) with 1 <t < k+ 1.
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Second-order-in-frequency formulations. Since all methods presented above are
based in a first-order-in-frequence formulation, defining o := (:1/k)o, where & is the
physical stress for the displacement field u. Consider now the following family of HDG
schemes based on a second-order-in-frequency formulation: the spaces are unchanged and
oy is a fixed parameter that is allowed to depend on the frequency:

(Acp, &)7, + (up, V- &)7 — (Up, En)sy, =0 V€ € Vy, (6.3a)
(Gh, VW)7, — (n, W), — K (puy, w7, = —(f, W)7, Vw € Wy, (6.3b)
(o, worr, = (8v. ry  Yp € My, (6.3¢)
(U, w)r, = (@D m)r, V€ My, (6.3d)
where
opn = opn — a,7(Pyu, — up). (6.3¢)

Note that the equations are written in terms of the original data in (2.1)). The choice
a, = 1 is the direct application of the method in [I4] to the equation V - & + x?*pu = f.
This choice of the parameter o, yields a method that transitions smoothly (analytically)
to the zero-frequency limit. Methods based on the first-order-in-frequency formulation

can be rewritten in the form (6.3) with the relation o, = —ikoy, and the parameter
a,; := 1k (for the method of Section , a, = —uk (time reversed method) or «, = x>

(for the method with the flux defined in ([6.2)).

Variant # 3: conservative method. The error estimate for the method in (6.3)) with
the choice o, = 1 is given in the next theorem. Not surprisingly the estimates hold as
rk — 0, since we end up with a smooth perturbation of the discretization of the steady-
state equations. Note that when x — 0 and we are not dealing with the pure Neumann
problem, the quantity C converges to a finite value. Later in this section we will see that
this choice corresponds to a conservative method in the time domain.

Theorem 6.2. There exist C7,Cy > 0, dependent only on the shape-reqularity of Ty, the
density p and the coefficients of the inverse compliance tensor A such that if h(1 + k) E,
1s small enough, then the errors can be bounded by

Mve — &nlla+ [IPye; — &l < Ci(h[a]he + (1+ K)h" Hulio)

and
lepllo < CoEu(1+ k) (R |0 + 1 (1 + K)[uls0),

ifk>1,ue HS(QC3 with1 < s < k+2, and o € H{(Q;C>3) with 1 <t < k+ 1.
Here E, < C(1+ kCy + C, + /iC,i/z).

Proof. See Section [A] O

Methods in the time domain. Let us now write some HDG-semidiscrete methods
for the transient elastic wave equation. The data functions are f : [0,00) — L?(Q;R?),
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gp @ [0,00) — HY*(T'p;R?), and gy : [0,00) — L?*(I'y;R3). We then look for u :
0,00) = H'(;R?) and o : [0,00) — H(div, Q; R3X3) satisfying

sym
Ao (t) —e(u)(t) =0 in 2, Vvt>0, (6.4a)

V.o —pu(t) =1£(t) in 2, Vvt>0, (6.4Db)

u(t) = gp(t) onI'p, Vt>0, (6.4c)

o(t)n =gn(t) on 'y, Vt>0, (6.4d)

and initial conditions u(0) = ug, 1(0) = vo. The HDG semidiscretization consists of the

search for oy, : [0,00) = Vj, uy : [0,00) — Wh, and Uy, : [0,00) — My, satisfying
),

(Aon(t),&)7, + (un(t), V- &)7, — (Un(t), €n)or, =0 (6.5a)
(@1(t), VW)7, — (Ga(t)n, Whor, + (pitn(t), )7, = —(£(t), W), (6.5b)
(On(t)n, wornr, = (8N (1), )y (6.5¢)

(up(t), whr, = (gn(t), w)r) (6.5d)

for all (&, w,u) € V), x Wy, x M), amd ¢t > 0. The numerical flux &), can be defined
in different ways which influence the choice of initial conditions. If we take the inverse
Fourier transform of equations with «, = 4k, we obtain the following proposals for
the numerical flux ‘

E'h(t)n = 5’h(t)n + ’T(PMuh(t) - ﬁh(t)) (66)
Note the positive sign corresponds to the method of Section [3| while the negative sign
is the one obtained by time reversal. (It is clear from this why the sign change in the
parameter o, corresponded to time reversal.) For equations (6.3)) with a,, = 1 we obtain
the flux

E'h(t)n = 5h(t)n + T(PMuh<t) — ﬁh<t)) (67)
The following result shows that: the method with flux given by with positive sign
accumulates energy over time, the method with flux with negative sign is dissipative,
and the method with flux is conservative. The build-up or dissipation of energy
happens at the interfaces, while the conservative method needs to add a potential energy
term in the interfaces.

Proposition 6.3. Assume that the problem is unforced (f = 0 and g|y = 0) and the
Dirichlet boundary conditions are static (§p = 0). Then the solution to the HDG-

semidiscrete equations with flux defined by satisfy
3 (B1O1 + Slanl0l2) = £1Puine) Sl e
The solution to the HDG equations (6.5 with flux defined by satisfy
d /1, o 1., .. 1 SR
i (SIS + SIParun(t) - uh<t>||7) ~0 W

Proof. It follows from a Simple argument: (a ) differentiate a) and test with a,(t), (b)
test (6.5D) with w,(¢), (c) test (6.5¢) with Uy (¢); finally add the result of (a)-(c) using the
fact that uy,(t) is constant in time on the Dlrlchlet faces. [
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7 Numerical experiments

In order to have a good collection of meshes of the domain, we will conduct all the
experiments in the unit cube 2 = (0,1)3. The cube will be partitioned in a sequence
of tetrahedrizations obtained as follows: we first divide the cube along the coordinate
planes into n?® equally sized cubes (for n = 1,...,7), and then partition the cubes into
six tetrahedra. We will tag the triangulation as 7, where we can consider that h = 1/n.
The partitions corresponding to ny and ny, where ny is a multiple of ny, are nested.

Tests will be run for constant and variable coefficients. In all cases we will consider
isotropic materials, with Ce = 2ue+ A\(tr €)l3x3, for constant or variable Lamé parameters
A and . In the case of constant coefficients we will take p = A = = 1. In the variable
case we take

p(x) =1+ [x% (7.1)
A(x) = 2+ 0.227 + 0.323 + 0.04z3, (7.2)
p(x) = 3+ 0.5z3 + 0.03x3. (7.3)

The code expands the three dimensional HDG Matlab package of [7]. The code is
written for the second-order-in-frequency form given in (6.3]), which allows for easy com-
parisons with the physical quantities of interest and for almost straightforward changes
to have all the methods we have considered in this paper. All the element-by-element
operations (needed for building the local solvers and recovering displacement and stress
after the hybridized system has been solved) are carried out in parallel.

A problem with variable coefficients. We imbue the domain with the variable den-
sity and material coefficients given by (7.1)). Dirichlet boundary conditions are imposed
on the top and bottom faces of the cube, while Neumann conditions are given on the
remaining faces of (). Data are built so that

cos(mxy) sin(mwxg) cos(mxs)
u(x) = |brirers + 4 w9w3 + 3T 11003 + 17
cos(2x4) cos(3x2) cos(xs)

is the exact solution. Figure [1| shows approximation errors for the method that is equiv-
alent to the one applied to first-order-in-frequency formulation, i.e., we set o, =1k, 7 =
h~! in ([6.3). We measure errors for the displacement and the ‘physical’ stress

[u — o, o —oulla- (7.4)

Error plots in Figure [1] are shown for the method for different values of the polynomial
degree (recall that o is approximated with piecewise Py functions, while u is approximated
with piecewise Pjy1 functions). The lowest order method (k = 0), for which we do not
have theoretical support shows a quite bad performance in practice and the corresponding
results are not shown.

We next explore the method based on the pure second-order in frequency formulation
(a, = 1,7 = h™' in (6.3)). Approximation errors for several values of the polynomial
degree k are shown in Figure [2|
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Figure 1: Errors of the first-order-in-frequency formulation (o, = ik, 7 = h~' in (6.3)) for

the non-homogeneous test case.
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Figure 2: Errors of the second-order-in-frequency formulation (o, =
for the non-homogeneous test case.
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Plane wave solutions. We now test a problem with constant coefficients and plane-
wave solutions as exact data, with Dirichlet conditions imposed on the entire boundary.
Plane waves for the time-harmonic elastic wave equation are functions of the form:

u(x) =aeexp ((—k/c)x-d),

where d (direction of propagation) and e (direction of elastic displacement) are unit
vectors, a is a constant and: (a) either d = e and the wavespeed is ¢ = /(A + 2u)/p
(pressure wave), or (b) d-e =0 and ¢ = \/u/p (shear wave).

We use amplitude a = 0.3 and frequency x = 1 and tetrahedrizations of the cube each
with 6n3 elements. Convergence results for pressure and shear waves with the first-order-
in-frequency formulation («, = ix,7 = A~ in (6.3))) are shown in Figure [3| Both show
the same pattern of optimal order O(h**2) for the displacement variable and O(h**!) for
the stress variable.

Increasing the frequency x. In a final test, we look for the behavior of the method
as the frequency increases h — 0 while hx remains constant. We will take x-dependent
plane waves as exact solutions. In order to play with different values of k without hitting
elastic modes, we impose an impedance boundary condition

on—i1ku=gp onI.

Note that we have not carried out the analysis for these boundary conditions, but that
convergence estimates can be obtained with uncomplicated modifications of what we
have done in the previous sections. The HDG equation corresponding to the boundary
conditions and interelement stress balance become

(Onn — T(Pyuy, —Uy), o7, — wi(Up, )r = (8r, w)r Y € My,

This is just a slight perturbation of the pure Neumann problem, so the linear system
(with coefficient representations as in Section @ may be represented by

A DT —NT a 0
-D —KVQM — ZKZTH ’l/‘iTlg u = i s
N —1kT], 15T — 1kC u QR

where C is a boundary mass matrix related to the space M, restricted to I'. We are going
to plot relative errors

lu—wllo/lulle,  [lo—anllo/lale,

for a given exact plane pressure wave solution. We will fix the value hx and use finer
grids on the cube, thus automatically increasing the frequency. Note that for plane waves
|ullo = O(1) but ||o|la = O(k) = O(h™!). We are expecting errors to stay bounded as
h — 0 (notice that we do not have a theory supporting this and we do not go very far
with the frequency). Some experiments are reported in Figure [4 using the lowest order
method (P; approximation for the stress, P, for the displacement) with different values
of hx. That the error for the displacement seems to be declining as h — 0, which shows
the numerical method doing somewhat better than expected for the displacement.
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Figure 3: Convergence results for pressure (left column) and shear (right column) waves
with the first-order-in-frequency formulation (o, = ix,7 = h™! in (6.3))) increasing the
polynomial degree k from 1 to 3
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Figure 4: Convergence results for pressure waves with the first-order-in-frequency for-
mulation (o, = ik, 7 = h™' in (6.3)), using u|x € Po(K;C?), 04|k € Pi(K;C2%3) and

keeping hx constant.
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Some conclusions. We have introduced and analyzed a family of Hybridizable Dis-
continuous Galerkin methods for the equations of time-harmonic linear elastodynamics
in three dimensions. Convergence orders are shown to be optimal in both variables (dis-
placement and stress), even if different polynomial degrees are used for their approxi-
mation, which means that the lower approximation order of the stress does not pollute
the approximation for the displacement. We have transferred the methods to an HDG
semidiscretization in space of the transient model equations and shown that one of the
choices leads to a conservative method. The experiments show that the methods behave
well for fixed moderate frequences and that for increasing frequencies the scheme has good
asymptotic properties.

A Some additional proofs

Proof of (5.2)). The dual adjoint problem ({5.1)) is equivalent to

V- Ce(p)+ K’pp =1rey  inQ, (A.la)
¢=0 on I'p, (A.1Db)
Ce(p)n=0 on 'y, (A.1c)

and therefore ||¢p||1.0 < kCy|le}|lq. From a variational formulation of (A.1)) we can prove
the identity

Ikll; = o(reh, @)a + (Ce(),e())a,

and therefore, using Young’s inequality and hiding constants only related to the equation’s
coefficients, we can prove that

l@lle S (1+ Crr)leplla-
We now rewrite as
V- Ce(9) — pg = ej — (k° + 1)pep
and use the regularity estimate to bound ||¢||2.q- O

Sketch of the proof of Theorem[0.3. The first order in space, second order in frequency
system is

Ao —e(u) =0 in ©,

V.-o+ripu=f in Q,
u=gp OHFD,
on =gy on I'y.

From this moment on, we will drop all tildes in the formulas. It has to be understood
though that the stress that we are computing with this method is the physical stress and
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not the one scaled by /. The error equations are

(*Aezv 5)771 + (eqliv V- 5)771 - @%7 £n>87'h - (Aé;L 5)727 (Aga)
_(V ’ 627 W)Th - KZ(pe;Lw W)Th
(T (Paey — &), Puw)op, = —+%(pej, w)7, (A.3Db)

— (epm, W)oT, + (Te), Puw)oar,,
<6Zl’l - T(PMez - /e\uh)a “)8771\FD = <€Zn> “‘>8771\FD - <TPM€za ”l’>87-h\FD (A'3C>
(e, m)r, =0, (A.3d)

and a simple argument shows the new energy identity
leflIZ — s*llehll; + [P arey, — &7 (A.4)
= (Aeq, e7)7, — W (pef, €))7 — (Ein, e, — €)o7, + (T e, Parey — €))or.-

The adjoint problem has to be written as

A +e(¢p) =0 in Q, (A.5a)
~V-Yp+ripp=—el inQ, (A.5b)
¢=0 on I'p, (A.5¢)

Yn =0 on I'y, (A.5d)

where the negative sign in the right hand side is added for convenience. With the usual
regularity hypotheses, the scaled regularity inequalities for the solution of this problem
are:

rll@lhe + llpglhz) + [AYle + 19l7 + dll0 < Exllelle,

with F, bounded as in the statement of the theorem. The proof of this inequality is
very similar to the proof of ([5.2]) above. After integration by parts and introduction of
projections it can be shown that the solution of (A.5]) satisfies the following identities

(Aef. ¥)7, — (V- €7 Tw )7, + (efn, @)o, =0, (A.6a)
(e, V- Iyap)7, + (ef, Iy — Y)Yy, — k> (pef, &)1 = |lef||a, (A.6b)
</éuh,an>a7'h =0. (A6C)

Testing the error equations ({A.3) with the conjugates of the projections of the adjoint
problem and rearranging terms, we prove

(Aef, )7, + (e, V - TIyap) 7, — (&, Pm)ar, = (L(¥), (A.7a)
—(V - eq, Tw@)7, — K(pej, @)1, = La(9), (A.7b)
(esm, @)o, = l3(), (A.7c)
where
() = (Aef, b —Tly)g, + (Asq, Tlvp) 7, — (€, (¥ — Ty p)n) o,
l(9) = —r"((pe}, @ — w7, + (pei, Uwd)7,)
—(ein, w@)or, + (TPuey, Mw@)or, — (T(Pue) — &), lw)or,
l3(@) = (70, Py)or, — (TPuEL, @)or, + (T(Pure — €}, d)or,.
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The sum of equations (A.6) can then be compared with the sum of equations (A.7)) to
prove the duality identity:

leplls, = ((Aef, o — yap)7, + (Ash, Iyyp)7, (A.8)
_’%Q ((p eZa 5 - HWE)T;L + (P EZ? HWE)%)
+(ej — €, (¥ — Iyp)n)ar,
+(T(Puyej —€p) — TPyep, ¢ — Ilwd)or, — (e7n, Iy — Puyd)or,..

What is left now is the proof of bounds for the right-hand sides of and . This
process requires just going carefully over the proofs of Proposition (4.4]) and . Nothing
essential is changed. We can write the results with our shorthand notation for errors
Y= |leslla, T := ||Puel — €|, U:=|e}|q, and approximation terms %), := hf|o | q,
Uy, := h*|uls 0. The bounds we obtain are:

Y24+ T? <Y, +kUU, + (S + Up)T + 57 + 62U,
U<+ 3%, + U, +T),

where o := E.h(1 + x). The condition that allows us to bootstrap is C(ak)? < 1/4,

where C' is a constant related to the constants hidden in the symbols < above. After
simplification, we prove

Y+T<SE,+ 1+ k)U, U< alX,+ (14 k)Uy),

which is the statement of the theorem. O
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