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Abstract

We give a short overview of the development of the so-called hybridiz-
able discontinuous Galerkin methods for hyperbolic problems. We de-
scribe the methods, discuss their main features and display numerical
results which illustrate their performance. We do this in the framework
of wave propagation problems. In particular, we show that these methods
are amenable to static condensation, and hence to efficient implementa-
tion, both for time-dependent (with implicit time-marching schemes) as
well as for time-harmonic problems; we also show that they can be used
with explicit time-marching schemes. We discuss an unexpected, recently
uncovered superconvergence property and introduce a new postprocessing
for time-harmonic Maxwell’s equations. We end by providing bibliograph-
ical notes.
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1 Introduction

We give a short overview of the development of the so-called hybridizable dis-
continuous (HDG) methods for hyperbolic problems. The HDG methods are
discontinuous Galerkin methods which were originally devised for numerically
approximating steady-state problems and implicit time-marching schemes for
time-dependent problems. Their distinctive feature is that they are amenable
to static condensation and hence to efficient implementation. They turned out
to be more accurate that other DG methods, as will be shown below.
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The HDG methods were introduced in [14] in the framework of steady-state
diffusion as part of the effort that started at the end of last century to devise
efficient DG methods for second-order elliptic problems. The development of
the HDG methods was then spearheaded by the authors who extended them
to a variety of problems in computational fluid dynamics including convection-
diffusion [33, 34|, the incompressible Navier-Stokes equations [36, 40], and the
compressible Euler and Navier-Stokes equations [43, 41]; to partial differential
equations in continuum mechanics, see [32] and the references therein; and to
wave propagation problems in the time-domain [37, 46] as well as to the fre-
quency domain [39, 42].

In this paper, we describe the HDG methods, highlight some of their main
features and provide numerical experiments displaying their performance. In
particular, we show that they can be efficiently implemented, that they can
be used with either implicit or explicit time-marching schemes, and that they
do possess recently uncovered superconvergence properties. We do this for the
acoustic wave equation in Section 2, for the elastic wave equation in Section 3,
and for the time-harmonic Maxwell’s equation in Section 4. In Section 5, we
end with a few bibliographic notes.

2 The Acoustics Wave Equation

In this section we describe HDG methods for the numerical solution of the
acoustic wave equation

0u .
PoE V- (kVu)=f, inQx (0,T]. (1)
By introducing the velocity v = u; and the flux ¢ = —kVu, we can write (1) as

the following system of first-order equations:

*1@+w = 0, inQx(0,7T],
at (2a)
pa—i—v-q = f, in Q x (0,7].
The exact solution (v, q) satisfies the following initial conditions
v(x,t=0) = wvo(x),
2b
ale.t=0) = qolx) (20)
and a Robin boundary condition
—g-n+av=g, ondQx(0,T]. (2¢)

The coefficient « varies on the boundary 02 and represents different types
of boundary conditions. Specifically, the Neumann boundary condition corre-
sponds to a = 0, the Dirichlet boundary condition to 1/a = 0, and the first-
order absorbing boundary condition to o = \/kp. We assume that x(x), p(x),
and a(x) are scalar positive functions.



We begin with the spatial discretization of the wave equation (2) and the
temporal integration of the semi-discrete form using both explicit and implicit
time-stepping methods. We end by presenting numerical experiments to demon-
strate their performance.

2.1 Spatial discretization

Let 75, be a collection of disjoint elements that partition 2. We denote by 97,
the set {OK : K € Tp}. For an element K of the collection 7, F = 0K NI
is the boundary face if the d — 1 Lebesgue measure of F' is nonzero. For two
elements K™ and K~ of the collection Ty, FF = 0K NOK ™~ is the interior face
between K+ and K~ if the d — 1 Lebesgue measure of F is nonzero. Let &f
and 5;? denote the set of interior and boundary faces, respectively. We denote
by &5, the union of £ and &7.

Let Pr(D) denote the set of polynomials of degree at most & on a domain
D. We are going to use the following discontinuous finite element spaces:

Wy, ={weL*Q) : wgecW(K), VK € T},
Vi, ={pec (L*(Q)*: plx € V(K), VK € Tp,}.
Some appropriate choices for the local space W(K) x V(K) on K include
Pu(K) x (Pr(K))?,

W(K) x V(K) =1 Pr_1(K) x (Pi(K))?,
Pr(K) x (Pr(K))* + xPy(K)) .

These spaces correspond to the equal-order elements, the BDM elements [1],
and the RT elements [44], respectively. In addition, we introduce a traced finite
element space

M,;, = {,LL S L2(<€h) : /L|F S Pk(F), VF € Eh}

For functions w and v in (L?(D))?, we denote (w,v)p = [, w-v. For functions
w and v in L*(D), we denote (w,v)p = [, wv if D is a domain in R? and
(w,v)p, = [pwv if D is a domain in R%~'. We then introduce

(wvv)Th = Z (wvv)Kv <H777>a7—h = Z <,u777>a](a

KeTy, KeTy,

for w, v defined on T, and w,n defined on O7}.
The HDG methods for the wave equation (2) seek to define (gp, vy, vn)(t) €
Vi, x Wy, x My, for t € [0,T], as a solution of the following system

_10qp, .
(/{ 1W,T>Th—(vh,Vor)ﬂl+<vh,r~n)aTh =0, (3a)
8’Uh ~
(P Gw), — (an V), + (@ mwhyr, = (fw)m. (30)
—(@n - n,mm\ag + (—=@qn - + vy, N>aQ = <9aM>BQ ) (3¢)



for all (r,w,u) € Vi, x Wy, x M}, and all ¢ € (0,T], where the numerical flux is
defined as

gn-m=gqp -n+7(vp—0), ondTp. (3d)

If the stabilization function is taken as 7 = /kp, we obtain the well known
upwinding flux.

Note that the equations (2a) require v and the normal component of g to be
continuous across the set of interior faces £ x (0,7"). The HDG method takes
into account these transmission conditions by requiring that the corresponding
numerical traces vy, and the normal component of g, be single valued on that
set. The first condition is satisfied by taking v, (¢) in M) and the second by
impossing equation (3c) for any ¢ € [0,7]. For other ways of defining HDG
methods, see [8] and the references therein.

This semidiscretization gives rise to a system of ODEs to be solved by using
some time-marching methods. As we are going to see in the next subsection,
the form presented here is useful when using implicit time-marching methods
because it takes advantage of the fact that the HDG methods are amenable to
static condensation. When using explicit time-marching methods, a better way
of presenting the method is the following: Find (qn,vn) € Vi, x Wy, such that
for all K € Ty,

0 R
(wl%,ﬂ}( — (0 V) g+ (B ) g = 0, VreV(K), (4a)
8vh ~ _
(pﬁ7w)K - (qh,VUJ)K + <qh : naw>8}{ _(f7w)Ka Vw e W(K)’ (4b)

where, for any given face F' € 0K,

rrol + 1oy 1 P
nT+q, -n), if Fe&y,
Uy, = TT++T_ T a o ) " (4c)
P -n), if F' € 0Q,
T—|—o¢vh+T+a( g+an-n) !
and
(/]\h~n:qh'n+7(vh—§h) on 0K. (4(1)

Here Pg denotes the L? projection of g onto the space M}, and

viilp = vnlpeors, and  qi|r = qnlreor+,

where Kt and K~ are two elements sharing the face F. Hence, v, and g,
(respectively, v and ;") are nothing but the value of vj, and g, on the face
F from the element K~ (respectively, K*). We can easily show that when the
stabilization function is taken to be a constant on each face lying on 97}, the
system (4) is equivalent to the original formulation (3) [37, 46].



2.2 Temporal discretization

We now show how to obtain a fully discrete scheme by discretizing the above
system of ODEs by several different time-marching methods, two being implicit
and the other two explicit.

BDF methods

We will only discuss the backward-Euler method since higher-order BDF meth-
ods follow a similar way. Using the backward-Euler scheme for the discretization
of the time derivative in (3), we find that the approximate solution (g}, v, o) €
Vi, x Wy, x My, at time step n satisfies the following equations

n n—1
(Ktht,r)Th — (0, Vor)p + U, )y, = (%,r)n, (5a)
Ui n - no Un
(Pi-w) = (@ Vo)y + (@ nw)r, = (" +p e w) . (3b)
=@ oo T (=@ - mE AU 1) og = (9" Waq (5¢)
for all (r,w,u) € Vi, x Wy, x M}, where
g’ -n=gqy -n+7(vy—0), ondTp. (5d)

Here (g, vy, vp") represents the numerical approximation to the exact solution
(q(t™),u(t™),v(t™)) at time ¢"™. We then find u} € W}, such that

1 n n 1 n—

Kt(uhvw)ﬁ, = ('Uhvw)Th + Kt(uh 177“”)77;7 Vw € Wi. (6)
The fully discrete system (5) can be efficiently solved by locally eliminating
(qn,up) to obtain a linear system in terms of the globally coupled degrees of
freedom of vy,. We refer to [37] for a detailed discussion.

DIRK methods

Next, we apply the DIRK formula represented by the coefficients (a;j,b;, ¢;),

1 <i<gq,1<j <i,to the semidiscrete system (3). We denote by (g}, v,?’i, ﬁ,:“i)
the numerical approximation to the exact solution (q(t™*)| 7, , v(t™%) |7, , v(t™)]e, ),
where ™ = 771 £ ¢;At,1 < i < q. Given the approximate solution at time
"L (g op 9, we find the intermediate solutions (g%, vy, 0,"") €
Vi, x Wy, x My, satisfying

n,i N,
q;’ ) n,i <An,i > _ (Ph’ )
—— v —(v,", Vv v, vn = v 7a
(Fxpv), — @ Voon +(@e ) = (Pee) (72)
n,t
pPYy, ) . n,i v <An,7,' . > _ n,i n,i b
(aiiAt’w T (qh ) w)Th +{4n n,w o7, (f + psy, aw)Thv ( )
(@ )y (B R AT ) = (g, ()



for all (v,w, n) € Vi, x W), x My, where
{j:’i -n = qZZ -n+ T(”UZ’i — ﬁf’i), on O7},. (7d)

n,i

The terms s;”* and pZ’i on the right-hand side of (7) are given by

n—1 i—1 n,Jj
ni _ Up Qij ( Uy n,j ;
sy = — "= =5, ), t=1,...,q,
a”-At = (0777 ajjAt

qn—l i—1 s qn,j
ni _ 4h J h n,j -
= + 7( — ), 1=1,...,q.
ph aiiAt = i CijAt ph ’ »q
The discrete systems (7) must be solved sequentially from ¢ = 1,2,...,q. Hence,

a g-stage DIRK scheme requires us to solve ¢ discrete systems which are very
similar to the system (5) resulting from the backward-Euler method.

Once the intermediate solutions have been computed, the numerical solution
(g, vy) at time t™ is given by

q
n o, n\ __ n—1 ,n—1 n,t _m,t
(ar,v) = (@5 vy )+At§ bi(yp"s2,)s (8)
i=1
where
, n—1 i—1
yn,1 q, —4q, _z:aﬂ n,j i=1 q
h an‘At - a;; h b PR 5
Jj=1
K n—1 i—1
Z,z_vh U _E:aw nio q
h T *h — b )
CLiiAt = (0777

Finally, we compute uj by using the same DIRK scheme to discretize the ODE
8uh/8t = V.

Adams—Bashforth methods

The Adams—Bashforth (AB) methods are linear multistep explicit methods. The
forward-Euler method is a first-order AB method. Here we discuss the forward-
Euler method since higher-order AB methods can be constructed in a similar
way. Given the solution at the previous time step (g, v}, uy), we first compute
the approximate traces as

THof " 4 T 1 4 ;
B ' o) if F'e &,\09,
o = Tt + 71— P = (g;" n" +g," -n7) 1 B\
T
n Pg" n ’ fFE&SL
T+avh+7+a( g" +aqy - n) 1

(9)



and q;"-n = qj - n+ 7(vy —0;) for all faces F' of £,. We then determine the
numerical solution (gt vp ™ uit!) € V(K) x W(K) x W(K) at the next
time step by solving

n+1

1 q B qTL n -~n
(E hAt'rL h’r)K_(Uh’v'r)K+<’Uh?r'n>8[{ = 07
UZJrl B UZ n -~n n (10>
(P ) = (@ V) + @ mw)e = (0,
n+1 n
u — U n
(Fame) — ke = 0

for all (r,w,z) € V(K) x W(K) x W(K) and for all elements K € Tp,.

It is clear that we compute the numerical solution at any time step in an
element-by-element fashion. Therefore, explicit HDG methods have the same
computational complexity as other explicit DG methods. Higher-order AB
methods can be used as well, provided that the numerical solutions at the earlier
time steps are available.

2.3 SSP-RK methods

Lastly, we describe the SSP-RK(q, ¢) scheme [4, 27] to integrate the semidiscrete
system (4) in time. For i = 0,...,¢ — 1, we compute

+, +n,i—1 — —n,i—1
TV, + 770,

- T -
@;L,Z— _ _i_#(q;{n,zf . ’I’L+ + q}:n,zf -’I’L_), ifF e gh\897
T n,i—1 1 i—1 n,i—1 .
’ Pg™* T n), f F e o,
T+a ® T+a(g tag, n) !
, , , , (11)
and @' m =g n 4 (o't =5 for all faces F of &,; we then

determine ()", v}, vp") € V(K) x W(K) x W(K) as the solution of

1 qn,i qn,i—l
h — Yn n,i—1 ~n,i—1
— ) — (v’ ,V-r) <v’ ,r-n> = 0,
(n At )K ( h x AP oK
,Un,i _ U}r:,i—l - .-
h n,i— ~n,i— _ ai—1
(p At ’w>K B (qh ,Vw)K * <qh ~n,w>aK = (e,
vn,i - /Uz,ifl -
h n,1—
Sz — (v, T,z = 0,
( At )K (v i

(12)
for all (r,w,z) € V(K) x W(K) x W(K) and for all elements K € T;,. We
finally set

S
(@it orts o) = Y agalay vt o), (13)
=0



where the coefficients o, ; are precisely those corresponding to the SSPRK
scheme (q,q) [4, 27], namely

1 .
Q1,0 = 1, Qg = 2Oéq_1,i_1, 1= 1,...,q—2,
qg—1 (14)
Qqq = 7> gq-1 =0, g0 =1~ E :aq,i-
T i=1

The SSP-RK(q, ¢) scheme has ¢ stages and ¢ orders of accuracy. Each stage of
the SSP-RK(q, ¢) scheme is exactly the forward-Euler method described earlier.

2.4 Postprocessing

The numerical results we present in the next subsection are going to involve two
elementwise postprocessings defined as follows. The first is a new approximation
to u: On every simplex K € Ty, we take u}}* € Pyy1(K), such that

(Vuz*7vw)1{ = (qgvvw)[{7 Vw e Pk+1(K)7
(up ™5 D) = (up, 1) -

The second is a new approximation to u;: On every simplex K € Tj, we take
vp* € Pryi1(K), such that

(15)

(Vop ", Vw) e = — (v, Aw) i + (07, Vw - n)or, Yw € Pryq(K),

(v ", )K = (U;zlvl)K' 1)

As we are going to see, it turns out that both postprocessings uj and v;, have
better orders of convergence that the original approximations uj, and vy, respec-
tively. Note that this local postprocessing can be performed at suitable time
steps, where these more accurate approximations are needed.

2.5 Numerical results

We consider the wave equation on a unit square 2 = (0,1) x (0, 1) with boundary
condition v = 0 on 9N and initial condition uy = 0 and vy = sin(wz) sin(7y).
For p =k =1 and f = 0, the problem has the following exact solution

u= \% sin(mz) sin(my) sin(v/27t), v = sin(mz) sin(7y) cos(vV2mt).
™
We use triangular meshes obtained by splitting a regular n x n Cartesian grid
into a total of 2n? triangles, giving uniform element sizes of h = 1/n.

We present the L2-errors and orders of convergence for the numerical ap-
proximations in Table 1 for the DIRK schemes and Table 2 for the SSP-RK
schemes. We observe that the approximate field variables converge with the op-
timal order k + 1, while the postprocessed displacement and velocity converge



with order k + 2. The HDG methods yield optimal convergence for the approx-
imate gradient, while many other DG methods provide suboptimal convergence
of order k. Furthermore, the postprocessed displacement and velocity converge
one order higher than the original approximations.

These convergence properties were first reported in [37] and later proven (for
the semidiscrete case) in [18]. A priori error estimates for v — v}, remain an open

problem though.

el L dle—unl v~ on|7; g — an] 7 llu = upllT, v = villT,
ctror 'ofder | efror "Ofller | ettor ~otller | etror "ofder | etror "ofder
2 7.29%-3 —— |1.72¢-2 —— |3.0le-2 —— | 6.16e-3 —— |1.7le-2 ——
4 | 4.80e-4 3.92 | 2.16e-3 299 | 2.00e-3 3.91 | 2.77e-4  4.48 | 1.99e-3 3.11
2| 8 || 447e-5 3.42 | 1.86e-4 3.54 | 1.84e-4 3.44 | 7.02¢-6 5.30 | 1.40e-4 3.83
16 || 5.24e-6 3.09 | 1.81e-5 3.36 | 2.15e-5 3.10 | 2.54e-7 4.79 | 8.73e-6 4.00
32 || 6.36e-7  3.04 | 2.08e-6 3.12 | 2.6le-6 3.04 | 1.44e-8 4.14 | 5.36e-7 4.03
2 5.80e-4 —— | 1.60e-3 —— |2.67e-3 —— | 1.97e-4 —— |1.5%-3 ——
4 || 3.12e-5  4.22 | 8.22e-5 4.29 | 1.38e-4 4.27 | 4.92e-6  5.33 | 8.05e-5 4.30
31 8 1.78e-6  4.13 | 5.20e-6 3.98 | 7.74e-6 4.16 | 1.37e-7  5.17 | 3.78e-6 4.41
16 || 1.06e-7 4.07 | 3.32e-7 3.97 | 4.56e-7 4.08 | 4.05e-9  5.08 | 1.14e-7 5.05
32 || 6.46e-9  4.04 | 2.09e-8 3.99 | 2.77e-8 4.04 | 1.24e-10 5.03 | 1.50e-9  6.24

Table 1: History of convergence results using DIRK(k + 1, k + 2) schemes.

k|11/h c‘l?o; uh(‘)'rT er c|11r0r hHrTﬁcr (“l?or qh(‘)‘[ er C|I‘“1YLOI“ h |i)¥dc cll‘rlir)or ”071:dc
2 4.13e-3 —— |9.84e-3 —— |[1.65e-2 —— | 2.13¢-3 —— | 8.64de-3 ——
4 4.0le-4 3.37 | 1.06e-3 3.22 | 1.65e-3 3.32 | 1.02e-4 4.38 | 5.19¢-4  4.06
21 8 4.44e-5 3.17 | 1.27e-4  3.06 | 1.83e-4 3.18 | 4.82e-6  4.40 | 2.80e-5  4.21
16 || 5.24e-6  3.08 | 1.60e-5 2.99 | 2.15e-5 3.09 | 2.59¢-7 4.22 | 1.6le-6 4.12
32 || 6.36e-7 3.04 | 2.02e-6 2.99 | 2.6le-6 3.04 | 1.53e-8 4.08 | 9.81e-8 4.04
2 5.75e-4 —— | 1.62¢-3 —— |2.66e-3 —— 1.82¢-4 —— | 1.33¢e-3 ——
4 3.12e-5  4.21 | 8.22e-5 4.30 | 1.38¢-4 4.27 | 4.63e-6  5.29 | 3.59¢-5  5.21
3] 8 1.78¢-6  4.13 | 5.21e-6 3.98 | 7.74e-6 4.15 | 1.31e-7 5.15 | 1.03e-6  5.13
16 || 1.06e-7 4.07 | 3.32e-7 3.97 | 4.56e-7 4.08 | 3.88¢-9 5.07 | 3.05e-8 5.07
32 || 6.46e-9 4.04 | 2.09¢-8 3.99 | 2.77e-8 4.04 | 1.19¢-10 5.03 | 8.97e-10 5.09

Table 2: History of convergence results using SSP-RK(k + 2, k + 2) schemes.

3 The Elastic Wave Equations

The elastic wave equations are different from the scalar acoustic wave equation
in that they are vectorial and have two different wave speeds, namely, pressure
(primary) wave speed and shear (secondary) wave speed. Although there are
several different formulations of the elastic wave equations, we will focus on
HDG methods for the displacement gradient-velocity-pressure formulation.

Let u represent the displacement field, A and g the Lamé moduli, p the
density of the elastic isotropic material, and b a time-dependent body force.
Let © be an open bounded domain in R? and T a fixed final time. The motion



of the elastic isotropic body 2 is governed by:
2

pop —V bVut (urN)(V-wl = b inQx(0.7). (17)

We introduce the velocity field v = 9u/dt, the displacement gradient tensor
H = Vu, and the hydrostatic pressure p = (1 + \)(V -u). We then rewrite (17)
as the first-order system

%—V’U = 0, in Q x (07T]7
ov .
pa_v.(MH_FpI) = b, in  x (0,77, (18)
ngv.v = 0, in Q x (0,77,

where e = 1/(p+ A), and I is the second-order identity tensor. Associated with
this system is the boundary condition

(WH +pI) - n+av=g, ondx(0,T],
and initial condition
v = vy, H:Ho, P = Po, OHQX{tZO}.

For simplicity of exposition, we assume that € > 0, which in essence means that
the elastic solid is either compressible or nearly incompressible. The incom-
pressible limit € = 0 requires the average pressure condition and can be treated
by the augmented Lagrangian method [38, 35].

3.1 Spatial discretization

In addition to the finite element spaces defined in Section 2.2, we introduce the
following new finite element spaces:

G, = {Nec(L*(Ty)™® : Nlge€ (W(K))¥™ VK €T},
M, = {,LL S (LQ(gh))d : N|F S (Pk(F))d, VE € 5h}-

We then define volume and boundary inner products associated with Gy, as

(N7L)Th = Z (N?L)Kv <N7L>8Th = Z <NaL>aK7
KeTh KeT

for N,L € (L%(73,))%*?. Note that (N,L)p denotes the integral of tr(NTL)
over D, where tr is the trace operator.

10



The HDG methods then find an approximation (Hy, vp, pp, 0r) € Gp X V3, X
Wy x My, at time t such that

oH _
(’aN) + (0, V- N)gy — (0, N m) o =0, (192)
ot - "
8’Uh
P w) + (uHp, + pr, Vw)7,
Th
(B + ) - mw) = (b.w),. (19b)
o _
<€§:,Q) + (vn, Va)7, = (0h - m, q>87’h =0, (19¢)
Th
(G DD )+ (0B whog = (9. m0ga. (190)

for all (N, w,q, pn) € G, x Vj, x Wp, x M, where
(uHy, + ppI) - = (uHy, + ppl) - n — S(v), — op). (19¢)

Here S is a second-order tensor consisting of stabilization parameters which can
be set to /(1 + A)pl.

The semidiscrete form (19) can be equivalently reformulated into finding
(Hy,, vp, pr) such that for all K € Ty,

OH A
<h’,N> + (04, V-N)g — (B, N-m),, =0, (20a)
ot .
8’Uh
P W + (uHp, + ppI, Vw) g
K
— (W + 5D - now) = (bw)k,  (20b)
) .

(éaptha q) + (vha VQ)K - <vh 'n, Q>8K = 0? (2OC)

K

where, for any given face F' € K,

+,,F — =
TTY, +T Y,

TJlf + 7= B B
Br = o (WH +piT) ot + Gy pp ) n), g,
T 1 .
T+a’uh—|—T+a(Pg—(uHh+phI)~n), if '€ 09,
(20d)
and R
(uHp, +ppI) - = (uHp + ppI) - — S(v, — ) on K. (20e)

In this formulation, both ¥, and (,uﬁh + prl) - n are explicitly determined from
the numerical solution (Hy, vy, pp).

While the first formulation (19) is useful for implicit time-stepping methods,
the second formulation (20) is convenient for explicit time-stepping methods.
Since the temporal discretization in this case is very similar to that in the scalar
wave equation, it will not be discussed here.

11



3.2 Local Postprocessing

As with the acoustic wave equation, we can define two new approximations
which will converge faster than the corresponding original approximations. The
postprocessed displacement field uy* € (Py41(K))? satisfies, on every simplex
K € Th,

(vuz*avw)K = ( Z,V’UJ)K, Vw e (Pk+1(K))da (21)
(uz*v )K = (u271)K'

The postprocessed velocity field v * € (P41 (K))? is obtained by locally solving
(Vop*, Vw) . = —(vj}, Aw) g + (0}, Vw - n) 5 Vw € (Prpa(K)),
(0h " D = (Vi D -

Since the local postprocessing can be carried out at any particular timestep and
performed at the element level, the postprocesssed displacement and velocity
are very inexpensive to compute. Note that the postprocessing is effective only
if the temporal accuracy is of order k + 2.

(22)

3.3 Numerical Results

We consider the elastic wave equations on a unit square € = (0,1) x (0, 1) with
u=1and p = 1. The exact solution is given by

ur = —2?y(2y — 1)(z — 1)*(y — 1) sin(xt),
uy = xy*(2x — 1)(z — 1)(y — 1) sin(nt).

The source term b is determined from the above solution. The Dirichlet bound-
ary data are determined as the restriction of the exact solution on the boundary.
Likewise the initial data is taken as an instantiation of the exact solution at time
t = 0. Our triangular meshes are constructed upon regular n x n Cartesian grids
(h =1/n). The stabilization parameter is set to 7 = 1.

u—u v—v — u—u; v—v;
k|11/h PUrror thrﬁ‘er eHrror htl)lgier eHrror mlo“r&er e”rror hﬁ)rﬁﬂer e‘1|rror h(UrTéIer
4 3.79e-4 1.94e-3 2.08e-3 1.74e-4 1.28e-3

8 || 1.12e-4 1.76 | 4.51e-4 2.11 | 5.07e-4 2.04 | 2.53e-5 2.78 | 1.74e-4 2.88
1] 16 || 3.04e-5 1.88 | 1.06e-4 2.09 | 1.26e-4 2.01 | 3.27e-6  2.95 | 2.18e-5 2.99
32 || 7.90e-6  1.94 | 2.60e-5 2.03 | 3.16e-5 2.00 | 4.12e-7  2.99 | 2.96e-6  2.89
64 || 2.0le-6 1.97 | 6.45e-6 2.01 | 7.93e-6 2.00 | 5.16e-8  3.00 | 3.99e-7 2.89
4 || 5.14e-5 —— |2.26e-4 —— |327e-4 —— | 1.78-5 —— |24le4 ——
8 || 8.0le-6 2.68 | 2.90e-5 2.96 | 4.2le-5 2.96 | 1.20e-6  3.89 | 7.10e-6 5.08
2| 16 | 1.10e-6  2.87 | 3.67e-6 2.98 | 5.25e-6 3.00 | 7.39e-8  4.02 | 4.53e-7 3.97
32 || 1.43e-7 294 | 4.60e-7 3.00 | 6.54e-7 3.01 | 4.52¢-9  4.03 | 2.70e-8 4.07
64 || 1.82e-8 297 | 5.75e-8 3.00 | 8.14e-8 3.00 | 2.78e-10 4.02 | 1.68e-9 4.01

Table 3: History of convergence results for a compressible material (A = 1).
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P TR (il R O el lo ~anlr. llu —uill7, v — il 7
error order €rror ordaer error order error order €error order
4 3754 —— [1.94e3 —— | 223 —— | L72e4d —— |1.26e3 ——
8 | 1124 1.75 | 449e-4 211 |54led 2.02 | 2.57e-5 274 | 1.7le-4  2.89
1| 16 || 3.04e-5 1.88 | 1.06e-4 2.08 | 1.33e-4 202 | 3.37e-6  2.93 | 2.13e-5 3.00
32 || 7.90e-6 1.94 | 2.60e-5 2.03 | 3.33¢-5 2.00 | 4.26e-7 2.98 | 2.87e-6  2.89
64 || 2.0l1e-6 197 | 6.45¢-6 2.01 | 8.33e-6 2.00 | 5.34e-8  2.99 | 3.85¢-7  2.90
4 [ 51les —— |[224e4 —— |367ed —— | 1.80e5 —— |240e4 ——
8 | 7.98¢-6 268 | 2.88¢-5 296 | 4825 293 | 1.22e6 3.8 | 6.9le-6 5.12
2| 16 || 1.09¢-6 2.87 | 3.66e-6 2.98 | 6.12e-6 2.98 | 7.44e-8 4.03 | 4.20e-7 4.04
32 || 143e7 294 | 4597 2.99 | 7.89e-7 2.96 | 4.52e-9 4.04 | 2.48¢-8 4.08
64 | 1.82e-8 297 | 5.75¢-8 3.00 | 9.95e-8 2.99 | 2.78¢-10 4.02 | 1.48¢-9 4.07

Table 4: History of convergence results for a nearly incompressible material
(A =1000).

We present the L2-errors and orders of convergence of the numerical ap-
proximations at the final time 7" = 0.5 in Table 3 for A = 1 (compressible case)
and in Table 4 for A = 1000 (nearly incompressible case). These results are
obtained using the DIRK(2,3) scheme for k = 1 and the DIRK(3,4) scheme for
k =2, and a fixed ratio h/At = 4. We observe that the approximate field vari-
ables converge with the optimal order k£ 4 1 even for the nearly incompressible
case. Furthermore, we observe that both the postprocessed displacement and
velocity converge with order k£ + 2, which are one order higher than the orig-
inal approximations. Since the local postprocessing is inexpensive, the HDG
methods provide better convergence and accuracy than other DG methods.

These convergence properties were first reported in [37]. For the semidiscrete
case, they can be obtained by an analysis similar to that for the acoustic wave
equation in [18]. Again, a priori error estimates for v — v} remain an open
problem.

4 The Electromagnetic Wave Equations

In this section, we restrict our attention to devising HDG methods for the
Maxwell’s equations in frequency domain. Numerical treatment of the Maxwell’s
equations in time domain follows from the discussion in this section and the
second section.

Let us consider the time-harmonic Maxwell’s equations in a connected and
bounded domain 2 € R? with zero charge density and zero conductivity:

V x E+ipwH =0, V x H —iewE = J, inQCc R  (23)

where E, H, and J are the electric field, magnetic field, and current source,
respectively. In addition, w is the frequency, € the permittivity, and p the
permeability of the medium. We assume that the electromagnetic field satisfies
the following impedance condition

—nx H+anx Exn=g, onod, (24)
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for some given scalar function « and vectorial function g.

4.1 Numerical discretization

To define the numerical approximation of the Maxwell’s equations (23), we
introduce the following approximation spaces

Vi, = {vell)(Th)]® : vk €[C(K)]?, VKEeT,},
M = {nel[l?(&)P : nlre[C(F)?, (n-n)lp=0,VFe&}
(25)
Heret C(D) denote the space of complez-valued polynomials of degree at most
k on D. We then define the inner products for our approximation spaces as

3
(w?U>Th = Z / wv, (w)v)Th = Z(wj’vj)Th7
KeT, VK j;l (26)
(w,v)o7;, = Z/aKwﬁ, (w,v)o7;, = Z(wj,vﬁan.

KeTy,

<
Il
~

Here the bar denotes a complex conjugate which is applied only to the second
argument of the inner products.

Note that M} consists of vector-valued functions whose normal component
is zero on any face F' € &,. Hence, a member of M} can be characterized by
two tangential vectors on the faces: if ¢I” and " denote independent tangent
vectors on F', we can write the restriction of §n € M} on F as

nlp =nit] +nitl, (27)

where nf" € Cx(F) and ni" € Cy(F) are complex-valued polynomials of degree
at most k on F. Hence, the vector-valued function n € M} is characterized by
two scalar functions 7; and 7. R

The HDG method seeks (Ey, Hy, E}) € V;, x V3, x M} such that

(iwpuHp, R)7, + (ER,V x R)7, + <EZ,R X n>a7_ =0, (28a)

(H) ¥V x W), + (Hi W xn) = (iewBp, W)y, = (J,W)7,, (28b)

OTh

o~ ~t
- Ha > < Ea > = ) s 2
<n xHpm) +{eEpn) (9,M o0 (28¢)
for all (R,W,n) € V}, x V}, x M}, where
H,=H,+7(E, - E!) xn. (28d)

Ew

Here the stabilization parameter is chosen as 7 = ,/72. This completes the

HDG method for solving the time-harmonic Maxwell’s equations.
The structure of the HDG method makes itself amenable to an efficient
implementation. Note that the first two equations in (28) can be thought as
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characterizing (Ej,, Hp,) in terms of E),. The equation (28c) is then the equation
that determines the actual values of the unknown E/b In this manner, the only
globally-coupled degrees of freedom are those of Ej. As a result, the HDG
method can provide more accurate solutions at much lower computational cost
than standard frequency-domain DG method.

4.2 Local postprocessing

We propose a new local postprocessing to obtain new approximations of the
electric and magnetic fields, which converges with an additional order in the
HE (T )-norm. A remarkable feature of this new local postprocessing is that it
is effective even in three dimensions, whereas the local postprocessing introduced
in our previous work [39] is only applicable in two dimensions.

We find the new approximate electric field E; as the element of [Cj41(K)]?
such that for all K € 7p,,

(Vx B, W)g = —(ipwH,, W)k, YW €V x [Cry1(K)]?, (29a)
(E;kl, Y)K = (Eh, Y)K, VY € ka+2(K). (29b)

Similarly, we find the new approximate magnetic field Hj as the element of
[Crr1(K)]? such that for all K € Ty,

(Vx Hif W)k = (iewEp, + J, W)k, YW €V x [Cor1(K)]?, (30a)
(H;Z,Y)K = (H}M}/F)K7 VY € VCk+2(K). <30b>

It is obvious that V x E; and V x Hj are nothing but the projection of
tuwHp, and iewEy, 4 J, respectively, onto the space of divergence-free functions
in [Py41(K)]3. Therefore, we expect that both E; and H; converge with order
k + 1 in the chrl(ﬁ)—norm, whereas E; and H}, converge with order k in the
HY( T )-norm.

4.3 Numerical results

We consider the time-harmonic Maxwell’s equations on a unit cube = (0,1)3
with g = 1,e = 2,0 = 0, and w = 1. For J = 0 the problem has the exact
solution

E, = sin(wy) sin(wz), H, = isin(wz)(cos(wy) — cos(wz)),
E, = sin(wz) sin(wz), H, = isin(wy)(cos(wz) — cos(wx)),
E, = sin(wy) sin(wx), H, = isin(wz)(cos(wz) — cos(wy)),

The boundary data g is determined from the exact solution. The tetrahedral
meshes are constructed upon regular n x n x n Cartesian grids (h = 1/n) by
splitting each cube into 6 tetrahedral.

We present the L2-errors and orders of convergence of the numerical approxi-
mations in Table 5 and the postprocessed quantities in Table 6. We observe that
the approximate electric and magnetic fields converge with order k + 1 in the
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L?-norm, but only order k in the H°"!(7;,)-norm. Furthermore, we observe that
the postprocessed electric and magnetic fields converge with order k£ + 1 in the
HY(T;,)-norm, which are one order higher than the original approximations.
The theoretical justification of these results is still an open problem.

|E = Enll7, | |[E— Epllyesn,y | [1H—=Hyll7, | [|[H = Hp|lpeum s,
k|1/h error _ order | error order error _ order | error order
2 2.94e-2  —— | 9.90e-2 —— 8.41e-3 —— | 2.20e-1 ——
4 7.77e-3  1.92 | 4.46e-2 1.15 2.18e-3  1.95 | 1.10e-1 1.00
1 6 1.94e-3  2.00 | 2.14e-2 1.06 5.85e-4  1.90 | 5.52e-2 1.00
8 4.81e-4  2.01 | 1.05e-2 1.02 1.54e-4 1.93 | 2.76e-2 1.00
2 9.49¢-4 —— | 1.32e-2 —— 6.56e-4 —— | 3.28e-2 ——
4 1.33¢-4 2.84 | 3.37e-3 1.97 8.74e-5 2.91 | 8.15e-3 2.01
2 6 1.90e-5 2.81 | 8.47¢-4 1.99 1.12e-5 2.96 | 2.03e-3 2.00
8 2.87e-6  2.73 | 2.12e-4 2.00 1.42e-6  2.98 | 5.09e-4 2.00
2 8.72¢-5 —— | 1.40e-3 —— 5.5le-5 —— | 1.74e-3 ——
4 5.59e-6  3.96 | 1.73e-4 3.02 3.51le-6  3.97 | 2.28e-4 2.93
3] 6 3.53e-7  3.99 | 2.15e-5 3.01 2.23e-7  3.98 | 2.92e-5 2.97
8 2.22e-8 3.99 | 2.67e-6 3.00 1.41e-8  3.99 | 3.69e-6 2.98

Table 5: History of convergence results for the approximate solution.

[E—E;ll7, [1E - Billwonr) | 1H — Hillp, | TH = Hy lgeon 7y
k| 1/h || error order | error order error _ order | error order
2 3.19e-2 —— | 3.44e-2 —— 1.05e-2 —— | 6.26e-2 ——
4 || 8.42¢-3 1.92 | 9.05¢-3 1.93 2.69e-3  1.97 | 1.67e-2 1.90
1 6 2.10e-3  2.00 | 2.27e-3 1.99 7.05e-4  1.93 | 4.21e-3 1.99
8 5.23e-4  2.01 | 5.68e-4 2.00 1.83e-4 1.95 | 1.05e-3 2.00
2 9.56e-4 —— | 1.58e-3 - 8.34e-4 —— | 2.06e-3 -
4 1.34e-4 2.84 | 2.07e-4 2.93 1.08e-4 2.95 | 2.82¢-4 2.87
2 6 1.91e-5 2.81 | 2.76e-5 291 1.38¢-5 2.97 | 3.85e-5 2.87
8 2.88¢-6  2.73 | 3.81e-6 2.86 1.74e-6  2.99 | 5.46e-6 2.82
2 8.36e-5 —— | 1.03e-4 —— 4.88e-5 —— | 1.75e-4 ——
4 5.43e-6  3.95 | 6.71e-6 3.95 3.20e-6 3.93 | 1.13e-5 3.94
3] 6 3.44e-7  3.98 | 4.26e-7 3.98 2.05e-7  3.97 | 7.20e-7 3.98
8 2.17e-8  3.99 | 2.69e-8 3.99 1.29e-8  3.98 | 4.54e-8 3.99

Table 6: History of convergence results for the postprocessed solution.

5 Bibliographic notes

Time-dependent wave propagation

The devising of HDG methods for the acoustic wave equation was carried out
as an almost immediate consequence of the introduction of HDG methods for
steady-state diffusion. After all, both equations share the same second-order
strongly elliptic operator. However, not all convergence properties which hold
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for HDG methods for steady-state diffusion problems [9, 16, 15, 5, 6, 17, 19] can
be immediately obtained for time-dependent wave equations. In particular, the
wave equation does not have a smoothing effect which could generate supercon-
vergence results, as happens for the heat equation, see [3]. However, in [18], it
was shown how to obtain the superconvergence results we have illustrated in
Section 2; a comparison with other mixed and DG methods can also be found
there. Although therein we only used simplexes and spaces of polynomials of
degree k, similar convergence and superconvergence results do hold for meshes
made of elements of arbitrary shape. This can be obtained by using the so-
called theory of M-decompositions developed in [12, 10, 11]. In a similar way,
HDG methods for the elastic wave equation can be easily obtained once HDG
methods for linear elasticity [45, 32, 20, 26] are obtained.

The first HDG methods for wave propagation were proposed in [37], where
implicit time-marching methods were used, and in [46], where explicit time-
marching methods were used. In both papers, the superconvergence properties
of the semidiscrete method uncovered in [18] were shown to hold for the corre-
sponding implicit and explicit time-marching schemes, respectively.

The HDG methods we have presented here can be also used with PML
absorbing boundary conditions, as shown in [37]. HDG methods which are not
dissipative, and have similar superconvergence properties, have been developed
in [13].

Time-harmonic wave propagation

HDG methods for time-harmonic hyperbolic equations are also strongly related
to the HDG methods for steady-state diffusion problems. The first HDG method
for the Helmholtz equation was introduced in [28]. The same optimal conver-
gence and superconvergence properties of the associated steady-state diffusion
were proven. In [25], a wide family of discontinuous Galerkin methods, which
included the HDG methods, were proven to be stable regardless of the wave
number. The methods used piecewise linear approximations. In [21], an analy-
sis of the HDG methods for the Helmholtz equations was carried which shows
that the method is stable for any wave number, mesh and polynomial degree
and which recovers the orders of convergence and superconvergence obtained
previously in [28]. A method for arbitrarily large wave numbers is proposed in
[42].

The first HDG for the time-harmonic Maxwell’s equations was proposed in
[39] in two-space dimensions. The extension of the method to three-dimensions
was done in [30]. A variation was introduced in [31]. HDG method for the
time-harmonic equations of elastodynamics can be found in [29].

Further reading material

A systematic way of defining HDG methods for Friedrichs’ systems has been
developed in [2]. A general construction of DG methods for these problems
can be found in [22, 23, 24]. An overview of the development of DG (and in
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particular, HDG) methods for fluid dynamics can be found in [7]. An overview
of the HDG methods for steady-state diffusion can be found in [8]. Therein, the
relation between static condensation, hybridization and the devising of HDG
methods is carefully explored.

Acknowledgements. The authors would like to thank Rémi Abgrall and
Chi-Wang Shu for the invitation to write this paper.
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