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Abstract We introduce and analyze the first energy-conservative hybridizable discontinuous
Galerkin method for the semidiscretization in space of the acoustic wave equation. We prove
optimal convergence and superconvergence estimates for the semidiscrete method. We then
introduce a two-step fourth-order-in-time Stormer-Numerov discretization and prove energy
conservation and convergence estimates for the fully discrete method. In particular, we show
that by using polynomial approximations of degree two, convergence of order four is obtained.
Numerical experiments verifying that our theoretical orders of convergence are sharp are
presented. We also show experiments comparing the method with dissipative methods of the
same order.
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1 Introduction

We introduce energy-conservative hybridizable discontinuous Galerkin (HDG) methods for
the wave equation

pii(t) = div(kVu)(t) + f (1) in Q, Vi >0, (1.1a)
u(t) =g onl', V>0, (1.1b)
u(0) = uo, in €2, (1.1¢)
1(0) = v in Q. (1.1d)

We will use evolution equation notation for functions of space and time, where only time-
dependence is shown explicitly. Differential operators act on the space variables and time-
derivatives are shown in dot notation (i.e. iz denotes the first derivative). Here 2 is a bounded
open polygonal set in R¢ with Lipschitz boundary 92 denoted as I'. We assume that p, k €
L®(Q),k > ko > 0and p > po > 0 almost everywhere, and f : [0, 00) — LX(Q),
g : [0, 00) — H'/2(I") are continuous functions of the time variable. With the help of flux

variable q(¢) := —«Vu(t), the system (1.1) can be rewritten in terms of «# and q as follows:
q() +«Vu() =0, inQ, Vr>0, (1.2a)

pi(t)+V-q(t) = f(t) inQ, V>0, (1.2b)

u(t) =g() onl', Vr>0, (1.2¢)

u(0) = uo, in Q, (1.2d)

1 (0) = vg in Q. (1.2e)

The system of equations (1.2) have been subject of several numerical studies. Particularly,
among finite element methods approximating its solution we find the following: continuous
Galerkin methods [1, 12], interior penalty methods [18], mixed methods [10,11,15,19], dis-
continuous Galerkin methods [3,13,14,21] and hybridizable discontinuous Galerkin methods
[9,16,17,22]. For a more complete description and comparison of some of these methods
see [22].

Let us describe our results. The first hybridizable discontinuous Galerkin (HDG) method
was introduced by Cockburn, Gopalakrishnan and Lazarov in 2009 [7] in the framework of
purely diffusion problems. The hybridization of finite element methods is a technique by
which the method can be statically condensed and hence efficiently implemented. Discontin-
uous Galerkin methods to which this technique can be applied are called the HDG methods.
Extensive numerical and theoretical results indicate that these new methods can also be more
accurate and can be applied to a wide range of PDEs.

The first HDG method for wave propagation in acoustics and elastodynamics was intro-
duced and numerically tested in 2011 [22]. The wave equation is rewritten as a first-order
system in terms of the velocity v := u, the flux q and the original variable u. The HDG
method is then used to discretize in space and get an evolution equation for the approxima-
tions to the velocity and the flux; only the elementwise average of u is evolved in time. A
theoretical a priori error of the semidiscrete HDG method was then provided by Cockburn
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and Quenneville-Bélair in 2014 [9]. For unstructured meshes of shape-regular simplexes,
they showed that the approximations to the velocity converge with the optimal order of k + 1
in the Z2-norm uniformly in time whenever polynomials of degree k > 0 are used. They also
showed that a local postprocessing of the original scalar unknown u converges with order
k + 2 for k > 1. This HDG method, however, is dissipative.

In contrast, the staggered discontinuous Galerkin (SDG) method proposed by Chung
and Engquist in 2009 [5] is not. The advantage of conservative methods, like the SDG
method, is that they are known to provide better approximation for a long time. The SDG
method discretizes in space the above-mentioned first-order system and achieves, for the
approximations to the velocity and flux, the optimal order of k 4 1 in the L?-norm uniformly
in time whenever polynomials of degree k > 0 are used. The relation between the SDG and
the HDG methods was uncovered by Chung, Cockburn and Fu in 2014 [4] in the framework
of steady-state diffusion problems. They showed that the SDG method can be obtained as
the limit of an HDG method when the stabilization function is set to zero or sent to infinity in
a suitable manner which results in a non-dissipative method in the present setting. By using
this fact, one can easily prove that the local postprocessing of the original scalar unknown u
used for the HDG method also converges with order k + 2 for k > 1 for the SDG method.

Other conservative methods are those that use mixed methods to discretize in space the
equations of the first-order system; see, for example, the references in [9]. However, their
mass matrix is not easily invertible since the H (div)-conformity of the space of fluxed forces
precludes it from begin block-diagonal. This is the difficulty avoided by the SDG method
and by any DG method, although most DG methods for first-order hyperbolic systems are
actually dissipative. A conservative, local discontinuous Galerkin (LDG) method to discretize
in space (on Cartesian meshes) the second-order equations (1.2) was proposed by Chou, Shu
and Xing in 2014 [3]. When using polynomials of degree k, the approximation to u is proven
to converge with the optimal order of k + 1 in the L2-norm uniformly in time.

In this paper, we construct the first energy-conservative HDG methods for wave prop-
agation. Unlike the HDG methods considered in [9,22], to define the method, we use the
second-order system (1.2), just as done in [3] and achieve the conservation of a discrete energy
simply by using the standard HDG numerical traces. For the semidiscrete case, we show that,
just as for the HDG methods considered in [9], the approximations to the velocity and flux
converge with the optimal order of k + 1 in the L>—norm whenever piecewise-polynomial
approximations of degree k > 0 are used. We also show that, an element-by-element post-
processing the approximation to u superconverges with order k +2 for k > 1. As an example
of a fully discretized scheme, we consider the method obtained by applying the Stormer-
Numerov time-discretization to the above HDG semidiscrete scheme; see its application and
analysis to other finite element method in [20]. We display the corresponding discrete energy,
show that it is conserved and prove that the optimal convergence of the velocity and flux and
the superconvergence of u can also be achieved. In particular, fourth order accuracy in the
approximation of # holds when polynomials of degree two are used.

The paper is organized as follows. In Sect. 2, we introduce the semidiscrete HDG method,
prove its energy-conserving property, and present and discuss the main results of its a priori
error analysis. In Sect. 3, we display detailed proofs. In Sect. 4, we study the full discretization
of the method by using the Stormer-Numerov method. The proofs of the corresponding results
are provided in Sect. 5. We end in Sect. 6 with some concluding remarks.
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2 The Semidiscrete Scheme

In this section, we introduce our HDG formulation of the equation (1.2), and state and briefly
discuss its convergence properties.

2.1 Notation

Throughout the paper, we will use round brackets for ‘volume’ integrals on an open set
D C R, (u,v)p = fD uvand (q,r)p = fD q - r, and angled brackets for integrals on
flat (d — 1)-manifolds or union thereof (u, v)p := f r uvdF. On the surface of any given
polygonal domain D, the unit normal vector field nyp : 9D — R¢ will be taken pointing
outwards. We use the standard notation of the norm and seminorm on Sobolev spaces. We
also write [|q[12_, := (c~'q, @)z, ull? := (ou, w)yz, and [u|? := (t u, u)ar;.

To describe the HDG method, we discretize our domain by a conforming triangula-
tion 7;, formed of triangles (d = 2) or tetrahedra (d = 3). The set of edges (d = 2) or
faces (d = 3) of the elements of the triangulation is denoted &£,. We will collect integrals
over elements or their boundaries with the following notation: (u, v)7, = ) ¢ T, (u,v)g,
(q.v)g7 = ZKE% (q.0)k and (u,v)yp, = ZKE% (u, v)gg. Also (u,v)yp\r =
> ket (U V)ar\@knry and (u, T -M)y7, = geq, (U, T MoK )oK -

The finite element spaces for the HDG semidiscretization are

Vi=la:2 >R gk e P(K) VK e T},

Wiy o={u:Q—>R:ulg €Ppy(K) VK € T},
My = {1l : Ueeg, — R : Tl € Pyle) Ve € &}

Here P, (K) is the space of d-variate polynomials of degree less than orequal to p, P, (K) :=
Pp(K )4 and Pp(e) is the space of (d — 1)-variate polynomials of degree less than or equal
to p one € &,. In this paper p is a fixed (but arbitrary) non-negative integer.

2.2 The HDG Method

We look for q, : [0, 00) = Vi, uy : [0, 00) — Wy, and 1y, : [0, 00) — M), satisfying

(k'an (o), r) 7 — @), V-7, + @@, r-n)y7, =0 VreV, (2.la)
(piin (), )T, — (@n(t), Vw7, + (@ (1) -1, w)y7, = (f(1),w)7, Yw e W, (2.1b)
Qu(®) -n=qu(t) -0+ T(up(t) —up(t)) ond7y, (2.1¢)
@ (1) -m, g r =0 Yu e My, (2.1d)
(Un(®), w)r = (g@), u)r Y e My, (2.1e)

for all + > 0, as well as the initial condition
up(0) = up.o, 1y (0) = vp 0. (2.1f)

The initial data are suitably defined approximations in W}, of the initial data uo and vg. The
stabilization function 7 is independent of ¢ and is defined to be piecewise constant and non-
negative on 0 K for all K. We assume that for each K € 7}, there exists at least one e € £(K)
(the set of edges/faces of K) where  is strictly positive. Equation (2.1d) is then equivalent
to demanding that the normal component of the numerical flux @ (r) be single-valued on
internal edges/faces of the triangulation. With some algebra it is possible to show that (2.1)
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can be expressed as a second order linearly implicit system of linear ordinary differential
equations in the variable u;, with initial data (2.1f). Therefore, the initial value problem (2.1)
has a unique solution qy, u; and uy, if f : [0, 00) — LZ(Q) and g : [0, 00) — Lz(F) are
continuous.

We end the definition the HDG method by describing the element-by-element post-
processing technique to compute the approximation uj;(¢) at any time t > 0. Forany K € 7j,
we define a new approximate displacement u;|x € Pp1(K) determined by

(Vul(1), Vo), = (@), Vg, Yw € Pyt (K),
(). 1) ¢ = (@) D - 2.2)

2.3 Energy Conservation

We begin by showing that the HDG method has the following two energy conservation
properties.

Proposition 2.1 (Energy identities) If (qu (¢), up(t), (1)) is a solution of (2.1) and
En(t) := 3lanO12-1 + Sin O3 + $lun(®) — @n ()7
Fi(6) := San @221 + Sllin @)% + Sin(6) — un (012,

then

En(t) = (f@), in() 7, — (&), qu(t) - m+ T(up(t) — @ ())r,
Eu(t) = (f @), iin ()7, — (E(0), @n(t) - n+ T(p(t) — h())r.

Note that, when f = 0 and g is independent of time, the energies Ej(¢) and Fj(t) are
conserved.

Proof Differentiate (2.1a) with respect to time, and test the first equation with qy(¢), test the
second equation with i, (¢), test (2.1d) with —f[h (1), and finally differentiate (2.1e) and test
it with —qj, (¢) - n. Adding the results, we obtain the first energy identity.

To obtain the second, we first differentiate the whole set of equations in (2.1) with respect
to time and then proceed as in the proof of the first identity. This completes the proof. O

2.4 Error Estimates

To obtain our a priori error estimates, we first obtain estimates of the projections of the
errors &) (1) := Tq(1) — qu (1), €} := Q@) — @ (1), &) (1) 1= Tu(®) — up (1), £ (1) :=
[T (1) —up (1), €, (1) = TLii(¢) =i (1), 8 () := Pu(t)—up(r) ands, () := Pu(t)—=1un(0).
We let P be the standard L2-projection onto M}, and (IT, IT) be the HDG projection we define
next; see [8]. In addition, we denote by P,_| : 7, — R the standard Lz-projection onto
piecewise polynomials of degree at most p — 1. From these estimates, we easily deduce the
results of the corresponding, actual errors.

The HDG projection Given any function pair (q, u), we recall that the projection (Ilq, ITu) €
V5, x Wy is defined as the unique solution of the equations

(IIq, r)x = (q, 1)k vr € Pp_1(K), (2.3a)
(Mu, wyg = (u, w)g Yw € Pp_1(K), (2.3b)
(Mq-n+tHu, wyg ={q-n+tu, wWyg Vi € Rp(3K), (2.3¢)
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where R, (3K) is the restriction of M), to 0 K. Note that we follow the notation of [8], where
the fact that both IIq and ITu depend simultaneously on q and u is not made explicit for the
sake of simplicity. Let us recall the approximate result proven in the Appendix of [8].

Theorem 2.2 [8, Theorem 2.1] Suppose p > 0, t|yx is nonnegative and g™ =

max tlgxg > 0. Then the system (2.3) is uniquely solvable for (I1q, [1u). Furthermore,
there is constant C independent of K and t such that

I,+1 l+1
ITq —qllx < Ch™ 1l i+ ) + ChE T lul e k.

Iy+1
ly+1 K

ITlu — ullx < Chg |M|H114+](K) +CW|V'Q|H/¢1(K)!
K

for 1,14 in [0, p]. Here tg := max tlyx\F+, where F* is a face of K at which t|yk is
maximum.

It is not difficult to see that the projection converges with the optimal order p 4 1 provided
the function (q, ©) is smooth enough.
Estimates of the projection of the errors We now provide uniform-in-time estimates of the
projection of the errors. We use the following notation

1/2
NG, w, ol = (112 + lwl? + 2],

Theorem 2.3 Forany T > 0 and p > 0, we have that

. . T
ey, eiis el =R < liCe], &) el =& O)I +/0 (114 — @l + 1T — i) |

el e ef =8I < el el eff 5O + /OT (TG — Gl -1 + M0 — %] ,) -
Moreover, for p > 1 and if the following regularity hypothesis holds

neH (), V-V el*Q) = neHQ), (2.4)
then

lpPpref(Dllg = € (I1Pp-161 O)lla + | P12 Ol

+ Ch (ll(I(O) —qp(0)|le + sup [1q() — (lh(t)llsz)
1€(0.7)

+ Ch ( sup || (1) —iih(l)||sz> .

1e(0,T)

Note that these estimates hold independently of the way we define the initial data
(un(0), 11,(0)). Next, we pick a particular choice which will give rise to optimal estimates
and to superconvergence of the projection of the error in the approximation of the scalar
variable u. If Vk € L°°(2)?, the regularity hypothesis (2.4) implies the existence of C > 0
such that

Il < CIV- &V, Vne Hy(Q) st V-&VneLl*(Q). (2.5
Note also that if « is a constant and 2 is a convex polyhedron, the hypotheses (2.4)—(2.5)
hold.
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The initial condition The initial data (u, (0), 115, (0)) is defined as follows. The function u, (0)
is obtained by using the HDG method for the elliptic problem

q0) +«Vu(©0) =0, V-q0)=-V-&Vugy), inQ, u(@) =g@0) onT,

that is, we take (qy(0), u(0), 4, (0)) € Vi, x Wy, x My, as the solution of

(KﬁlQh(O), I')Th — (up(0), V-1)7, + (un(0),r-n)y7, =0, (2.6a)
— (qr(0), Vw)7;, + (@1 (0) - n, w)y7, = (=V - (kVug), w)7, , (2.6b)
qr(0) -m:=q;(0) - n+ 7(uy(0) — uy(0)) ond7y, (2.6¢)
@1 (0) - n, Wy \r =0, (2.6d)
(ur(0), wr = (g(0), w)r, (2.6e)

for all (r, w, u) € Vi, x Wy, x Mj,.
The function 15 (0) is obtained by using the auxiliary HDG projection (IlIq, ITu) of
(=« Vo, vo):

(s1(0), 1t(0)) := (J(—« Vo), MMvp) . (2.6f)

Estimates of the errors It is now very easy to obtain the error estimates we were seeking by
using the definition of the initial data and then applying the approximation properties of the
projection (Ilq, IT«) in the estimates of the projection the errors contained in Theorem 2.3.

Corollary 2.4 Suppose that (uj,(0), i1,(0)) is defined by (2.6). If ii(t) € HPY(Q) for all t,
then

|lu(T) = un(T)|l, < ChP*,
1a(T) = @n(Dll—1 + 1 (T) = (D), < C P,
14(T) = @n(D) 1 + i (T) = iin(T)llp < CAP*.
Moreover, for p > 1 and if the regularity hypotheses (2.4)—(2.5) hold, then
lu(T) = uj(T) e < ChP*.

The constant C depends on the time T, T and the exact solution, but is independent of the
mesh parameter h.

These results show that the convergence and supeconvergence properties of the dissipative
HDG methods proposed in [9,22] do hold for the conservative HDG methods proposed here.

3 Proofs: The Semidiscrete HDG Method

In this section, we provide very brief proofs of Theorem 2.3 and Corollary 2.4. The analysis
of this conservative HDG method runs parallel to that carried out in [9] for dissipative HDG
methods. For this reason, we do not prove most lemmas and only provide brief sketches of
proofs of the results which are significantly different. We proceed in several steps.

Step 1: The equations of the projection of the errors We begin by displaying the equation
satisfied by the projection of errors.
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Lemma 3.1 (Error equations). We have

(el 0, 0) = (1), V1) + (@@, v -n)y 2 = (T (Tq@) — q(0), 1) 1

(3.1a)
(pefi.w) . = (€10, V) + (G0 - mw)y = (oM (1) = ii(1)). w),

(3.1b)

37ty mni=el(t) ntr (g;; (1) —'5;"@)) on 37T, G.1¢)

(B @ -mpyr =0, (3.1d)

(& @, ) =0, (3.1e)

forall (xr,w,n) € Vi x Wy x M andt > 0.

Step 2: Estimate of 8;': and SZ by an energy argument The same energy argument used in
Proposition 2.1 yields the following two identities.

Lemma 3.2 For the quantities
En(r) := Slel OI12- + Sllefi 12 + S 1) — 8012,
Fa(t) := Slel 120 + 3lei 15 + Sler (1) — 8012,

we have

En(r) = (x“ (4(0) — (). € (1) 7, + (p (M) — i), (1)

Fu() = (x*‘ (Mao — i), el )+ (oM@ — i), i) .
N Ty
As an immediate consequence of this result, we obtain our first estimates.

Corollary 3.3 For any time T > 0, we have

T T
¢2Eh<r>stEh(0>+/o ||nq—q||w+/0 | MTii — il

T T
V2Fu(T) < \/2Fh(0)+/0 ITIq — gl +/0 T — ] .

The first two estimates of Theorem 2.3 are thus proved.

Step 3: Estimate of P,_1&; by duality In this step, we show that the projection of the
error into a space of lower polynomial degree can superconvergence. We adapt the
duality argument used in [9] to our setting. Let us start by introducing a terminal-
time problem for any given function 6 in L>(2),

pW() =V - kV¥)() inQ, Vrel0,T], (3.2a)

() =0 onT, Viel0,T], (3.2b)
w(T)=0 on €2, (3.2¢)
U(T) =46 on 2, (3.2d)

as well as the accumulated field W (¢) := flT W(s)ds. Let us now recall the regu-
larity inequalities proven in [9, Proposition 3.1].
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Proposition 3.4 There is a constant C' only depending on p and k such that

sup [W(Dllg1@ + sup 1¥@le < Cl0]lq.
1€(0,7) 1€(0,T)

Moreover, if (2.4)—(2.5) hold, then

sup W (D 2@ = Cliflle-
1€(0,7)

Since 1/p € L*°(R2), we have

)

(Pp—1€}(T), pb)

p h ’

ClIPp16X(T)llg < lpPp-1l(T)llg =  sup - =
0eC(Q) 91l

and we see that, to estimate || P,—1&;(T)|lq, we only need to obtain a suitable expression
for the inner product (P,_1&j(T), p0)7;,. Such an expression is contained in the following
lemma.

Lemma 3.5 Suppose that p > 1. Then, for any 6 € C3°(S2), we have

(Pp1£)(T). pO)7;, = (pPp-1£}. ¥)7,(0) — (pPp_1}, W)7,(0)

+ (a0 ~ (. PV VL) - VER©O)

T
+ f (q — qp, kT TPY (V) — VIhE))
0

h
T
+/ (ii — iin, pInW — prl,O\I’)Th ,
0

where Iy, is any h-uniformly bounded interpolant from L*(2) into W, N H(} () and HgDM
is the BDM interpolation operator [2].

As a direct consequence of this result, we can obtain the last estimate of Theorem 2.3.
Indeed, by the previous lemma, we have

[(Pp1£}(T), pO)7;,| <Hi1lPp-1£}(0)llo + Hal| Pp12)(0) @ + H3llq(0) — qa(0) e

+ Hi sup [[q(1) —qn(Dlle + Hs sup (1) — iin (1) ll2s
1€(0,7) 1€(0,7)

where Hy = [0 (0)llo, Ha = [|p% (0)llo, H3 = |lx =" TIEPM (¢ VW) (0) — VI, ¥ (0) ||, and
T T
Hy =/ e~ TP (e VW) — VI, W, Hs =/ oW — Pp_1p¥]q.
0 0

Since |Hs| < Ch [ (O)ll 2, [Hal < Ch [ 1%l 520, and |Hs| < Ch [ V]|, by
standard approximation estimates, the result now follows by using the regularity estimates of
Proposition 3.4. This proves the third estimate of the Theorem 2.3 and completes the sketch
of its proof.

Step 4:  Error estimates at the starting time Here, we provide estimates of the errors in the
approximation of the initial data.
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Lemma 3.6 Suppose that we take up(0) as the solution of the elliptic problem (2.6). Then
we have

e )2, + 2l (0) —E(O)2 < [lq(0) — TqO)|>_,.
e O)l, < [ITTEi(0) — iE(0)l -
Moreover, if the elliptic regularity hypotheses (2.4)—(2.5) hold, we have
le e < CA™™P-1iq(0) — Tq(0)o-

Proof The first and third estimates follow immediately from the results on HDG methods
for steady-state diffusion problems in [7]. It remains to estimate SZ (0). Taking w := SZ 0)
in the second error equation (3.1b) and recalling that (EZ 0), Vw) g, = (ghq ©0) -n, w)s7,,
by the second of the equations defining u (0), (2.6), we get

(pef.£(@) = (p(Mitn(©) —ii@)). £ ) .

which completes the proof. O
Let us now estimate the error in the initial data of the velocity.
Lemma 3.7 Ifu;,(0) is computed using (2.6f), then SZ 0) =0and
e )12, +21ei (0) —E ) < 4(0) — TGO,
Proof Since u,(0) = IMvy we have 8}‘; (0) = Mu(0) — L'th(Q) = 0. Differentiating the first

error equation (3.1a) with respect to time and taking r := eZ (0), we obtain

(el .l ) (e, Vel )

Ty Th

+ (50, el n). = (7@ - M40, €110

3T T

Differentiating equations (3.1d) and (3.1e) with respect to time and using ez (0) =0, we can
simplify the above identity to

(x'el0).ef @) +@i0).ef )
—#10) Mz = (¢ @O) ~ a0, &1 ©),

Inserting the definition of ?hq (0) and using the fact that SZ (0) = 0, the result follows after
simple manipulations. This concludes the proof. O

Step 5:  Conclusion Applying the estimates obtained in the previous step, and using the
approximation properties of the auxiliary HDG projection Theorem 2.2, we obtain
the first three estimates of Corollary 2.4. The error estimate of u — uj; can be proven
in essentially the same way as in [9]. This concludes the proof of Corollary 2.4.

4 The Stormer-Numerov Time-Marching Scheme
In this section, we shall construct and analyze a two-step, fourth-order accurate scheme for

the time discretization obtained by discretizing the semidiscrete HDG scheme by using the
Stormer-Numerov method. The method was introduced by C. Stormer in [23].
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4.1 The Fully Discrete HDG Method

Let k be the fixed time step, t,, :==nk,n =0,1..., N, withty = T.Here T > 0is a fixed
but arbitrary final time. The design of our fully discrete scheme relies on the relation

2 O(tg1) = 29(t) + y(ta1)) = 75 Gltar1) + 105() + 1)) + OK*),

which holds for every sufficiently smooth function y = y(¢). This motivates the introduction
of the central second difference operator and the average

D]%yn — k%(yn+l _zyn_’_yn—l)’ Aky = LZ( n+1+10yn+yn—l)’

applied to general sequences {y"}. The data functions are sampled to provide the sequences

S = f(ty) and g" 1= g(t).
n+1 n+] An+l

Thus, for each n > 1, we look for (q;," ", uj, ) € Vi x Wy, x M, satisfying
—1, n+1 +1 +1
(K q )Th - (uz ,V-r)Th +<uh" r-n)m —0, (4.1a)
(oDRu, w) . — (Axdf, Vo) o + (A -, w)y = (A f" w), (4.1b)
ﬁh"+l -n = qh” ‘n+t ( ntl ﬂh”H) on 97, (4.1¢)
n+l
n, =0, 4.1d
<qh M>87h\r (4.1d)
(@) =g (4.1e)

forall (r, w, u) € Vi, x Wy, x Mj,. This time-marching scheme is well defined under a very
simple condition on the stabilization function 7 as we see in the following result.

Proposition 4.1 Ift > 0on 37y, then the solution of the equations (4.1) exists and is unique.

To define the starting functions, namely, (q;, u}, uhl) eViyxWypxMy,forn=0,1,we
proceed as follows. Given (u}, g"), we compute (qh, u;') € Vi x My as the solution of

(x'qf, r)Th — (u}, V- r)Th + (@, r- n)aTh =0, (4.2a)
Q) n:=q) n+7(u,—7u;) ondT, (4.2b)
(@' -n )y =0 (4.2¢)
(g ) = (8" 1lr- . (4.2d)

forall (r, u) € V5, x M, (see Proposition 4.2 below). The definition of ”2 € Wy and “}11 e Wy,
will be given later.

Computation of the approximate solution at ¢"+1, (q"Jrl ’ZH,A”H) in terms of the
approximate solutions at t* and t"~! by using (4.1) is equivalent to solving a steady-state
reaction-diffusion equation with the HDG method. This can be done using an equivalent

hybridized formulation, where % h”“ is computed by solving a system on the skeleton (only

on the M}, degrees of freedom) and then (q”+] ”+]) are computed solving local problems.
This is the gist of the hybridization techniques described in great detail in [7].

The computation of the starting value (qj;, ;") in terms of u}, uses a method, see equations
(4.2), which has not been considered elsewhere. We can see, however, that it is strongly related
to the above-mentioned HDG method. In fact, the only difference is that its local problems
are considerably simpler since they only involve the inversion of a mass matrix. The main
properties of this method are captured in the following result.
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Proposition 4.2 The linear map 8 : L*(Q) x W, x L>(I') — V}, x M, that associates
(s, vn, 2) € L2(Q) x Wy, x L2(T) to the solution (py,, ) € Vi x My, of

kpn )7, — (i, V- )ar, + On, -7, = (K 's, 1), Vre Vy,
Pr-ni=p,-n+t(v, - ondT,

®n -, wWaz\r =0, Y e My,
(O, w)r = (z, wr Yu € My,

is well defined. Moreover, if z = 0,

~ 1/2
(P> + Tow = Bil2)? < V2Ch llvall + lIslle1. (4.4)
where Cp, := maxge7,{C1.x, C2,k }, and

RY) 12 IV -rlk

Crx = lp N Ikl 2y sup S
rep, (K00} IITllk

172 1412 lwlyk

Cok = Tl o 107 1= k),

up .
weP,(K\(0) lwlix
Note that, by construction of the method and of the initial conditions
(qp. 7)) =S (0.u},g") Vn=0. (4.5)

As we are going to see next, the constant Cy, is strongly related to the CFL condition of the
method which guarantees that the quantities conserved by the scheme are actually nonnega-
tive.

4.2 Energy Conservation

From now on, we use the notation

By = (" =" ke 8y = (T =y ) /@) = 5 (BT 8ky")

for the backwards and central discrete differentiation operators. We will also consider two
functions that will serve to measure the evolution of discrete energy in our fully discrete
scheme. They relate two elements of a sequence taking values in V; x W;, x M), and are
given by

E((pou ), (pF ut wh)) = St —w/kll}

+HIPTIZ ) + il — et =Pl
+ At — a2+ S — a2
—lwt —at) — (u—w)3, (4.6)

E((p,u, ), (. ut,ah)) = Jeollw™ —w/kl}
et I2o + lpl2 + et
—T [+ gl -l @)
Note that the time-step k appears in the discrete kinetic energy term in (4.6) and (4.7) and that

a constant ¢o € [0, 1) scales the discrete kinetic energy term in (4.7). We have the following
discrete version of the energy conservation properties of the semidiscrete case.
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Proposition 4.3 (Energy identities) Given the solution (q};, u}), W) of (4.1) we define the
sequences

Evi = (@ up @) (@ L a). n=0,
Fit = & (8 (@) o (@t t)), o mz L

Then, forn > 1 and m > 2,

(EZ:ZI/Z 1/2) Jk = (Akf )Th _ (ngnvAk(aZ .n))l_‘7

(£ - F;ffk_l) Jh= (Akdif™, Su) 7, — (8kg™ Ax (8@ - m) )y

Again, note that, when f = 0 and g is independent of time, the quantities E h+l/ % and

F 1.« are independent of n and m. Moreover, when g is independent of time, £, "H/ 2

actually nonnegative quantities provided the time step is not too big.

Fh,k are

Proposition 4.4 Suppose that g is independent of time, let ¢y € [0, 1) and assume the CFL

conditionk Cy < /3 81 —co)is satisfied. Then, forn > 0 and m > 1, the quantities E"'H/2

and F]", are nonnegative and

n+1/2 n o.n —n n+1 n+1 ~n+1
By z¢€ ((qh’ ujy ) <‘1h Uy ))

Fit = & (8 (a ) s (ay i)

Note that the quantity k Cj, is dimensionless, as it is typical of CFL conditions. Indeed,
we know that the sound speed of the medium is \/k/p. As a consequence, the constant C j,
(and C,;,) has as dimension the inverse of the time, which proves our contention.

4.3 Error Estimates

To obtain our a priori error estimates, we mimic the procedure done for the semidiscrete case.
Estimates of the projection of the errors We start by obtaining estimates of the projection of
q.n . o ~un
the errors e := T1q" — qj, &), = " — uZ an.d &y = Pu" —u}, where q" = q(t,),
u" = u(ty), and u" := u(t,)|y7;. The approximation error a, = IIq" — q" as well as the
sequence,
. 2 . 2 2 .
= DiIMu" — Agii" = D(TTu" — u™) + Dju" — Agii",

which collects HDG projection error and the consistency error for the Stormer-Numerov
scheme, will also be relevant in our estimates.

Theorem 4.5 Let
n+1/2 q.n _un =~u,n qg.n+1  _wu,n+1 ~u,n+l
E,, '~ =£ ((eh,k’ Ento k) (eh,k ek o hk
m . q.m _um —~i,m qg.m+1  _u,m+1 ~um+l
e =¢€ (’Sk (eh,k ko Enk ) 0k (eh,k ko Enk )) :
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If k satisfies the CFL condition k Cj, < ./ %(1 —¢p), then,

n n
1/2 1/2
\/Ezf,; ? < \/C‘—OEh{k +3k Y I8k e + =k D 101, n>1,
=0 =1

m m
/le, =4/ %F}Lk + 3k Z ||81%afl+1 -1 + 7’72100 k Z ||5k®fl llos m > 2.

Moreover, for p > 1 and if the regularity hypotheses (2.4)—(2.5) hold, then

N ,1 ,1 .0
loPp-ref™llg = € (IPporey o + 1Pp—18ce) o + hla® = af I + hilef )

Ch s n_ .n D2 n__.n
+ (nzr?!a}{lel «(a" —aqp) lo+ _max | i (u" —uj) ||Q>

2 .
. IDju" — Apii" |l .
n=2,..., -

Note that these estimates hold independently of the way we define the initial data (ug, u }11)~
However, in order to guarantee optimal estimates and superconvergence of the projection
of the error in the approximation of the scalar variable u(7), we pick the starting functions
(uﬂ, ”}11) as follows.

The starting functions u }11 and u2 The starting values of our scheme are obtained by using a
discrete version of what was done for the semidiscrete case. The idea is as follows. First, we
compute Ay ”/11 by solving an elliptic problem by the HDG method and then D%u}l by using
the second equation defining our Stormer-Numerov HDG method. This would provide u }l
since

1. 1 k22,1
uy, = Aguy — 3 Djuy,.

Then we compute u2 in such a way that (Sku}l = T5u’.
Thus, we take

2
u,l1 =Up A — %”h,D% (4.8a)
ud = TTu(0) 4+ u} — MTu(k), (4.8b)
where
Tu(r) == u(0) + 1 (0) + 3%ii(0) + 7% (0) + 251*ii (0) (4.8¢)

and where the functions up 4 and u;, p2 are the elements of Wy, defined as follows. The
function (qp, 4, n, A, Un, 4) is the approximation provided by the HDG method for the elliptic
problem

Qa+«Vua =0, V-qua=-V-®AVTu'), inQ, us=Arg', onT,

that is, it is the solution of

(kLqn.a, )7, — Wna V-1)7, + (@ha, v -0)y7, =0, (4.9a)
—(@n,a, V)7, + (@4 -0 w7, = (=V - (€AVTu'), w), (49b)

Qn A = Qn,a + T(Up,a —p,A)n on 37y, (4.9¢)

(@A -m, w)ag\r =0, (4.9d)

{@n,a, )T = (Axg', W (4.9¢)
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forall (r, w, u) € Vj, x Wy, x Mj,. Note that Ay VTu! = VA, Tu! involves the computation
of Tu! := Tu(k) and Tu? := Tu(2k). The function up2 , is the solution of
(pup2p, w), — (qp,A, V)7, + (@4 -0, w)a7;, = Acflow)y,  Vwe W (4.10)

Estimates of the errors

Theorem 4.6 Assume that k satisfies the CFL condition k Cy, < 1/%(1 —co). Then, for
p > 1, we have

n n +1 4
max |u" —u < C(h? k™),
max " =l < CH + k)

n n n n +1 4
max — —1 + max ||Sgu" — Sxu < CMhPT™" +kM,
onax, ld" — qyll,  max, I wllp ( )
2. m 2. m +1 3
max ||6xq™ — 8xq||.-1 + max ||D;u™ —Diu < ChPT" 4+ k).
B 10k q 134 1A Il remN 1 Il k KUn ”,0 ( )

Moreover, if (2.4)—(2.5) hold, then
lu(T) — uj (Dl < CPT2 +k%).

The constant C depends on the time T, the stabilization parameter t, the CFL condition and
on derivatives of the exact solution, but it is independent of the mesh parameters h and k.

This result states, in particular, that, if we use piecewise quadratic approximations, we can
easily achieve fourth-order accuracy for smooth enough solutions. Moreover, we can obtain
higher-order accuracy using polynomials of degree p > 2 and time step k of order h(P+2)/4,

5 Proofs: The Stormer-Numerov HDG Method
5.1 Properties of the Mapping S

Let us prove Proposition 4.2 on the mapping S. Since the system defining S is square,
it is well defined if the inequality holds. It remains to prove the inequality (4.4). Taking
(r, u) := (pp, —uy), remembering that z = 0, and adding the equations, we obtain, after
simple manipulations, that

NZ = (7 pn P) 7, + (T(0h — On), vi — D)o,
= (vn, V-Pu) 7, + (T on, vn — Dn)aT, + (ks pa) T,

= Z (W, V- Pk + (T vps vp — D)ok ) + (K 's, pi) 7, -
KeTy,

Therefore,

2 ~
Ny = 37 (lonllg IV - pullx + [onleok [vn = Dhle.ak) + lslle-1 1pall -
KeTy,

< Y (Cuxllvallo g IPalle-t + Cox lvnllp, & 1vn = Buleak) + lIslle=1 IPalle-

KeT,
< Ci Y lonllp.k (IPrlle=1 + [vn = Db,k ) + lslle=1 11pa e
KeT,

< (V2Cu llvnllp + lIslle—1) Ni.
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and the result follows. This completes the proof of Proposition 4.2.

5.2 The Identities for the Discrete Energies

Proof of the energy identities of Proposition 4.3 We mimic the proof of the energy identities
of the continuous case. Thus, we begin by noting that, the equations defining the method,
(4.1), give, forn > 1, that

(k'8¢ 1) 7 — (80, V- 1) o+ (S x - m)y =0,
(oDRu, ) — (Acdf, V)2 + (A - m, w), = (Arf", w)g;,
(Axa -, u)mw =0,
(8¢t “)r — (88" M)r =0,
forall (r, w, u) € Vj x Wy x My. Taking r := Ayqj in the first equation, w := §,u}, in the

second, (4 1= —§,u} in the third, i := —Aq) - n, in the fourth and adding them, we get,
after simple algebraic manipulations, that

DE, . = (Acf". 8puy) 7 — (8,8" . Ak (@ - m))p.,

where

DE, = (pDiuy, 8) 7 + (7 8,4, Awdty) 7, + (8 (= T5) A (@, — i) )7,

It remains to show that DEj , = (E"Jrl/2 Zk1/2)/k However, this easily follows by

using the identity (a — 2b + ¢)(a — ¢) = (a — b)2 — (b — ¢)? on the first term, and then
inserting in the third term the definition of the numerical trace ’CIZ and applying the identity

(a+10b+c)(a —¢) = [6a® + 6b* — 5(a — b)*] — [6b* + 6¢* — 5(b — )],

to the second and third terms.

After applying the finite difference operator §; to the equations (4.1), the second identity
is proven in a similar manner. This completes the proof of Proposition 4.3.
The discrete energies We can now prove Proposition 4.4. We begin by using Proposition 4.2.
Recalling (4.5), and assuming that g is independent of time, we have (q h — 'L?ZH A")

SO, ul ™ —ul, g"t — ") = SO, ul ™ — ull, 0), and thus

2
‘qZ-H (]Z + ’( n+1 A}:L+1> _ (MZ _Z{\hn) . < 2C2 ’ n+1 uz ) )
‘We then obtain
En+l/2 - 1 SC k2 n+1 n k 2
nk o =272 h —uy)/
+1 +1 ~n+112 | 1 ~n2
+ 1lq) || o+ 4||thl S gl = 4 S =g

The first estimate follows after noting that, by the CFL condition of Proposition 4.4, we have
that %(1 - %Cﬁ k%) > % co. The second is obtained in the same fashion. This completes the
proof of Proposition 4.4.
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5.3 Existence and Uniqueness of the Stormer-Numerov Scheme

Next we show that by using the first energy identity of the Proposition 4.3, we can guarantee
the existence and uniqueness of the solution of the time-marching scheme given by (4.1).
Indeed, since the system of equations (4.1) is square, to prove the existence and uniqueness of
the solution (q"'H "'H u +1) forn > 1, we only have to show that if we set the data equal
to zero, the only solutlon is the trivial one. So, we set (qh ,u' o u, s ) to zero form = n, n — 1,
~1/2 = 0. Wealso set g"t1 and Ay " to zero, which implies, by the first
n+1/2 En 1/2 n+1/2 —0

which implies that £}, K

energy identity of Proposition 4.3, that £,
and, by definition, we have

. As a consequence, E,

((0 0,0), (" uy ™ ap tY) = Hu ™ 7kI2 + 3 a2
+ |“n+1 ﬁthr] =
and we see that (q"+1 ZH A”“) = (0, 0, 0) since T > 0. This completes the proof.

5.4 The Error Estimates

Step 1: The equations of the projection of the errors The projection of errors satisfy the
following equations.

Lemma 5.1 (Error equations) If we denote ;%" -n:= e[’} -n+t(eyy —&,"("), then, for

alln > 0,

—1_49.n u,n f~u,n 1,n
x) = (e ver) ( r > - 1), 5.1
(/c el r)Th (eh’k r . +{& i r-m - («'aj )T (5.1a)
e =0 5.1b
< nk W M>8’Z}1\l" ) ( )
(@ u) =o. (5.10)

forall (xr,n) € Vi, x My. If n > 1, then
2 ~q,
(oDFejr w )Th (Acel, Vw)Th +(a@iw) = (pehu), . (51d)
SJorall w € Wy,

Step 2: Estimate of §y, sh X " and Dzsh « The same energy argument used to obtain Propo-
sition 4.1 yields the followmg discrete energy identities for the projection of the
errors.

Lemma 5.2 If

n+1/2 q.n  un ~u,n qg.n+1l  _u, n+l Au n+l
Epx ' =E ((Eh,k’ Enk> Enk ) > (sh,k » €k nz0,
. qg.m _u,m ~u,m g.m+1  _um+l =~u,m+1
Fik :==E <8k (eh’k,eh’k,sh,k>,8k (ehk ek Enk )) n>1,
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then

G = M S (e Akehk)T

+ (/)@n,ékgh:k)T , n>1,
( nk F’;:kl)/k_ (/( 8k8kah,Ak5k€hk)Th
+ (pscop. 8i8eep) m>2.
0

In order to prove first two estimates in Theorem 4.5, we are going to use the following
discrete integral inequality.

Lemma 5.3 If{a"~1/2}, {¢"~Y2} and {n"} are sequences of nonnegative numbers satisfying
n
(an+l/2)2 < (§n+l/2)2 n (a1/2)2 Tk Z nz <a13+1/2 +a£71/2> Vn > 1,

then

n n
o +1/2 Sal/z—I—ZZ{”l/z—I—k Z”Z‘
(=0 (=1

Proof Set x"t1/2 equal to the right-hand side of the first inequality when n > 1 and equal
to (a1/2)2 (we are setting ¢1/2 := 0) when n = 0. Then, for n > 1, we have

Xn+l/2 _ anl/Z = (§n+1/2)2 _ (;.;171/2)2 " (an+l/2 +O(n71/2) k

+nn (an+1/2+a11—1/2) k
<(max [0’ <§z+1/2 _ Ce—l/z) /k] ")k < [ yn+1/2
+ /Xn—l/2> ,
since, by definition, max{a‘+1/2, ¢ ¢+1/2} < \/x¢+1/2_ This implies that

\/Xn+1/2 _ \/Xn—l/Z < (max [07 @2 g_e—l/z)/k} + )k

< H2 12 g

This last estimate is quite crude, but is enough for our purposes. Finally, the result follows
by summing on n and noting that \/x 1/2 = «!/2. This completes the proof. O

We are now ready to prove Theorem 4.5.

Proof Let us prove the first inequality. From Lemma 5.2, we get that

B2 1/2+Z(K J{ah,Ake”) +Z<P®Zs8k82£)
=1
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We claim that under the CFL condition of Theorem 4.5, it follows that

2
an+1 P < En+1/2 1 En+1/2.
h h co

P h,k -

n+1/2 5
Ep k _ﬁ’

Then, since, by definition, we have

1/2 1/2
maX{IIAke ||K_1,\/H||akghk||p] <\/E”+/ +\/En 2,

we easily obtain that

1/2 1/2
EZI/ <3 ||an+l_ah|| 7]_'_ ]E/
4172 =172
+ Z(||§kaf,||K_1 + ﬁ”e’ﬁ” <\/E +1/ +\/]Eh’k/ ) k.
=1
Now, a direct application of Lemma 5.3 with o/*1/2 := Eft{l/z when £ > 1 and «'/? :=

2
VE/i/co. 12 = [ 3 laf ! — afll-1 and 5 = |8, |1 + 110 |, gives
n
1/2 1/2
VES < [LE) +fk2||6ka“‘||rl+k > (I8¢af 1 + A= 19§1,).

=1

and the result follows.
It remains to prove the claim. To do that, we use Proposition 4.2. First, note that by Lemma
5.1, (eq ntl sZ Z,?h”k"+l &) = S(a"Jrl —aj, & ZH epr, 0), forn > 0. Therefore

2 2
q,n+1 q.,n u,n+1 Au,n+l u,n ~u,n 2 u,n+1
Heh,k - sh,k T ‘( Enk T Enik ) - <8h,k ~ Ehk ) L =4G ‘8h,k
_oun + 2 n+1 n 2
Enlk ] PR

and the claim follows after applying the CFL condition of Theorem 4.5.
The second inequality can be proven in exactly the same manner. This completes the proof
of the first two estimates in Theorem 4.5. O

Step 3: Estimate of Pp_1£Z’,](V by duality As in the semidiscrete case, we only need to

obtain a suitable expression for the term (Pp_lsZ:,iV, p0)7;, . Such an expression is
contained in the following lemma.

To state it, we use the following notation. For any function u : [0, T] — R, we
define I as the continuous piecewise-linear interpolation of the values Iy (")

given by
2 L —kypdr, n=0
Len(ta) i= 1 ¢ Ji 1 =t Dp@dt + ¢ [ Lt —Du@dt 0 <n < N
200 L — (T = )@y, n=N.

Also, given an set of real numbers {n" }n o» we denote by n : [0, T] — R the
piecewise-linear function such that (") := ", n = 0, ..., N. Note that, for
t € (ty_1, 1), we have that 7(r) = (" — "~V /k.
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Lemma 5.4 Suppose that p > 1. Then, for any 6 € Ci°(S2), we have
(Prreiits00) = (pPpreid ¥ @) = (0Pporsisf w(©)
h

+ (o = 0 IO VR O) - VL)

T
+/ (&n k7' IEPY eV W) — VI )),
0

+ kY (DR =), pLh (W) = Pyt (p¥™)

0 .
+ 4 (s, VI ) ) —k Z (DFu" — A", 1 (1 W)") .

n=1

2

-1
— 1 2 (Dkelt vinawy)
l 4

3
Il

where Iy, is any h-uniformly bounded interpolant from LZ(Q) into Wy, N HO1 () and ey, is
the linear interpolant of the values €, := q" — qj.

Proof By the definition of the solution W of the dual problem (3.2), we can write

u,N _ i _ u,0
(Po-seiid p8) . = (pPporefi o ) (1) = (pPporefif. 0(O)

T d .
u
+/0 T (,UPp—lsh,k, ‘*I")E
= (pprlsz:]?, \I/(O))T + T+ T3,
h

where T} := fOT(pPP_léZ_k, W)z, and T := fOT(pPp_wZ’k, U7,
Let us work on 77. Note first that the definition of the HDG projection (2.3), and the error
equations (5.1b) and (5.1d) imply that for n > 1,

(oD% (u" — 1) w)p = (p (Dpu" — Agi") , w) 1.
+(Ac(a" — q}) , Vw) . Vw € Wy 0 Hy(Q).
Therefore, by Lemma A.1, using the fact that (ITu" —u", P,_jv)7, = 0for all v, and noting
that UV = W(T) = 0, we have

N—-1
T = — (Ppordief p¥°) =k Y (D" —up), PperpW”)
h
=

N—
- (PP_ISksZ:,?, p\IJO) Ttk Z DF (u" — ) . paLeW" = Ppi (p¥"))
n=1
— kY (pDF (" —uj) , Il W)
n=1
N—1

= — (P, PO+ Y (D} (" — uf), plile " = Ppoi (™)

n=1
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N—-1

— k) (Ac(a" — dh) . VIiLw)") —kZ (DRu" — Agi", I k%)) 1,
n=1

N—

- (P,, 18kshk,p\110) Z ") I — Py (pWT)
N—-1 N N-1

— kY (Dpu" = A" LMW, =15 ) (Di (@' —a;) VIGW)")
n=1 n=1
N-1

-k (ql‘l - an VIh(Ik\IJ)n),Th 5

n=1

since Ay =1+ 12D2
Now, let us work on 7>. First of all, using the error equations (5.1a) and (5.1d), it follows

that
BDM BDM
(shk,V mn’ >T,, - (K e 112 )77, (5.2)

for all r. By the dual problem (3.2), the definition of W (note that W (7') = 0) and the well
known commutativity property of the BDM projection I1 g DM 'we get that

T
Ty = [ (efae Ppoa(V - 0D)
O i
0 T
= (e}p, Pyo1V - (VY (0) 7, +/ (o Ppr V- (VD))
0 4

T
— (&0, V- TIEPM (cV W (0)) 7, + /O(é,ﬁk,v.nﬁDM(Kvg))T

h

T
=@ — ;. TP VR O))7, +/0 (e, V- MEPY (VW) )

T

by (5.2). Therefore, applying integration by parts in the time variable,

T
Tr = (q° — gy« TIPY (VR (0)7; + f (én 7" IEPY (VW) — VI, )
0

T
T
+ / @&, VIW)7,
0

= (d° — a7 IEPY (VW (0) — VW)

h
T T
+f (éh,x—lnfDM(Kvg)—whg)T +f (e, VI,W)7,.
0 h 0

Finally, using Lemma A.1 to rewrite the last term, we get that

T
1= (a” = @} I V) - 1,90)) 4 [ @nr TEPM VD)~ V)
h 0

N—-1
,0
A (L VIOW°) kY (@ - ) V),
n=1

This completes the proof. O
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As a direct consequence of this result, we can obtain the last estimate of Theorem 2.3.
Indeed, by the previous lemma, we have

(Pporejy . pO)z, | <HIIPp-1e) e + Hall Ppoidiel i o + Hallg® — qf I
+ H4n max I8 (4" — aj) lle

.....

H max D -
+ Sn1 N71” k(u “h)”Q

,,,,,

k .0 .
+§H6||€Zyk||Q+H7 _max IDFu" — Agii" ||

.....

2 2.9.n
+ 3 H3 lmax ||Dk€h e

where H;,i = 1,...,5, are defined exactly as in the semidiscrete case (see the paragraph
after Lemma 3.5), and

He = IV, llq, H7 =T ,_max ||Ih(Ik"I") le, Hs

=1,...,

=T max VI, 9) | q-
ne

.....

The result now follows by using the regularity estimates of Proposition 3.4. This completes
the last estimates of Theorem 4.5.
Step 4: Error estimates for the starting functions

Lemma 5.5 For p > 1, we have
lef e < CRPT + kY, Ioeelrilla < CK°
and
E/t <ChP™ +xH2, B, < CPt i,
Proof The standard results on HDG methods for steady-state diffusion problems in [7] yield
ITqa — anall>-s +21(TMua — up,a) — (Pua — i) < lga — Maqal>,,
ITua = unale < CH™™ PV igs — Maalg.

By (4.9) and (4.10), we have (p u p2 ;, w)7;, = (Ax f1+ V- (kA VTu'), w)7;, whichimplies
that

(,0 (wp2 ) — HD%ul), w)Th = (Akf1 + V. (KAkVul) —p l'[Dzu1
+V - (A VTu') = V- (cArVu'), w) o
:(p (Akﬁl —D2 l)+p(D2 1 HDZMI)
+V - (AVTU') = V- (cAVu), w)
and |lup2 j, — l'[D%u1 lp < C(hP*! + kY. Comparing system (4.8) with (4.9) and (4.10), it
is not difficult to see (up2 ;. Qi A, tn, 4, Un,a) = (Dju), Arqp, Axup, Agity), and recalling

the definition of (q4, ), we have |Arq! — qallo < Ck® and [|[Agu! — uallgo < Ck. We
then obtain

lAkel e < CA™MP NPT 4 k) IDRejr i, < CORPT 4+ &%),

@ Springer



J Sci Comput (2018) 75:597-624 619

Table 1 Experimental CFL

condition for the p=1 p=2 p=3
Stormer-Numerov HDG schemes  ; _ | 0.5 03 s
with stabilization parameter
o1 d=2 035 0.2 0.1
By the definition of u2, we then have ||5ng’]i le = (! - HTul)/k||Q < Ck*, and then
.1 1 2 1 . 1 I
lehelle = lAcey, — 5ok lle < cpmintp D (ppFL 4 gd)
< Ch(h"*!' 4+ &%),
lejtlle = llepy — kdeeh s e < CRMP I (Pt kS
< Ch(hl’+1 + k5)
Iscellle = lISkels +kDFelt] < Chminp ) (g 4 Sy

Ch(hl’+1 + k),

IA

for p > 1. Now we use Proposition 4.2, noticing that (eZ 11,79\,;{];1) =S}, &y k, 0) forn > 0,

to get that

q.12 , ~u,12 2 112 12 1 52
led e l20 + lefry — 8 12 < 4CT N2 + 2 llagl>-) < ChPT 4+ k%)%,

Similarly, we have

002 u,0  ~u,0.2 21,002 02 1 542
1L 02, + 10 — 540 < 42 el Y12 + 2 adIR, < CAP*! 4+ K52,

1 ; —~
I8ked 121 + 8kep s — 88 12 < 4CF ||8ke“ 242082, < CPH + k)2,
2 ) ~
I6ked 121 + 18kef e — 8By 12 < ACE I8kel il + 2 [z )2y < ChPH! 4+ k%)%
We obtain the estimates by combining all the results above. This complete the proof. O

Step 5:  Conclusion Applying the estimates obtained in the previous steps, and using the
approximation properties of the auxiliary HDG projection Theorem 2.2, we obtain
the second and third estimate of Theorem 4.6. To obtain the first estimate we use
the fact that

n
0 0
lu" —upll, < E kllxu™ — Sguj!llp + llu” — upll -
m=1

The error estimate of # — uj; can be proven in essentially the same way as in [9].
This concludes the proof of Theorem 4.6.

6 Numerical Examples
In this section, we present two numerical examples illustrating the convergence and conser-

vative properties of our scheme. We numerically found CFL conditions for the schemes in
d = 1 and d = 2 dimension. These are presented in Table 1.
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Table 2 History of convergence of the numerical approximations of the wave equation with exact solution
u(t,x,y) = (1/(\/57'[)) sin(mrx) sin(ry) cos(v/27t) by the scheme Stormer-Numerov HDG scheme

p l up an uy
Error e.o.c. Error e.o.c. Error e.o.c.
1 1 7.1e—2 - 1.8e—1 - 3.2e-2 -
2 2.1le—2 1.78 3.7e-2 2.29 8.2e—3 1.96
3 3.8e—3 2.47 6.4e—3 2.52 8.0e—4 3.36
4 7.8e—4 2.27 1.4e-3 2.15 9.le—5 3.14
5 1.9e—4 2.07 3.6e—4 2.01 1.1e-=5 3.11
2 1 1.7e—2 - 3.7e—2 - 3.5e—-3 -
2 1.8e—3 3.24 3.2e-3 3.51 1.2e—4 4.84
3 1.5e—4 3.62 3.2e—4 3.35 5.1e—6 4.57
4 2.0e—5 2.87 4.1e—5 2.96 2.9e—17 4.12
5 2.4e—6 3.08 5.0e—6 3.02 1.8e—8 4.03
3 1 2.7e-3 - 4.8e—3 - 2.4e—4 -
2 1.3e—4 4.40 24e—4 4.31 5.5e—6 543
3 6.6e—6 4.29 1.4e—5 4.13 1.6e—7 5.05
4 4.0e—7 4.04 8.7e—17 4.00 5.1e—9 5.00
5 2.5e—8 4.01 5.4e—8 4.00 1.6e—10 5.00

Computations were performed up to a final time 7y = 1.0, T = 1, time steps k = .35h, k = 0.2/ and
k =0.1h, for p =1, p =2 and p = 3, respectively, and mesh parameters 1 = 2*1, forl=1,2,3,4,5

6.1 Convergence and Superconvergence Test
We consider the following exact solution of the two dimensional acoustic wave equation

sin(;rx) sin(rry) cos(ﬁnt), x,y € (0, 1)2, te (O, Tf],

1
M(fax’)’): ﬁ;—r

with parameters p = 1 and ¥ = 1 and Dirichlet boundary conditions. We report in Table 2 the
L?-errors and estimated orders of convergence (e.o.c.) of the approximations by the schemes
Stormer-Numerov HDG( p), with polynomial degree p = 1, 2, 3. We observe optimal con-
vergence of order p + 1 for the errors of the approximations uj, and gy, and a superconvergent
order of p + 2 for the post-processed approximation uj;. Note that for the case p = 3 we
observe a superconvergent order of p + 2 = 5, instead of the fourth-order of the time-
stepping scheme. We argue that this is due to the small time step k = 0.1/ and short final
time Ty = 1.0. We provide another example where the post-processed approximation con-
verges with an order 4, the same order of the time marching scheme, for polynomials of
degree p = 3. See Table 3. We also report for this example the history of convergence when
the time step k is of order 41°/4. As we anticipated before, we observe the superconvergence
for this time step.
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Table 3 History of convergence of the numerical approximations of the wave equation with exact solution
u(t, x) = sin(2w (x — t)) by the scheme Stormer-Numerov HDG scheme

p k l U an uj;
Error e.o.c. Error e.o0.c. Error e.o.c.
3 15h 1 4.6e—2 - 3.le—1 - 4.4e—-2 -
2 1.1e-3 5.44 1.2e—2 4.73 3.8e—4 6.85
3 6.6e—5 4.00 6.8e—4 4.08 1.3e—5 491
4 4.1e—6 4.00 4.3e—5 4.00 6.0e—7 4.40
5 2.6e—7 4.00 2.7e—6 3.99 3.5e—8 4.13
3 150374 1 4.5e-2 - 2.9e—1 - 4.3e—02 -
2 1.1e-3 541 1.le—2 4.73 3.2e—04 7.07
3 6.6e—5 4.00 6.8e—4 4.02 8.9e—06 5.17
4 4.1e—6 4.00 4.3e—5 3.99 2.7e—07 5.02
5 2.6e—7 4.00 2.7e—6 3.99 8.6e—09 4.99

Computations were performed up to a final time Ty = 5.0, time steps k = 0.154 and k = 158374 for p=3
and parameters h = 2_[, forl=1,2,3,4,5,andt =1

6.2 Conservation Properties Test

We consider the following travelling wave solution of the one dimensional acoustic wave
equation with periodic boundary conditions

u(t,x) =sin(12r(x — 1)), x€(0,1), 1 € (0,T¢],

with parameters p = 1 and k = 1. We compare the approximate solution of the fully discrete
scheme HDG-Stormer-Numerov scheme presented in this paper with an alternative scheme
consisting in the second-order semi-discrete HDG formulation in space and a diagonally
implicit Runge—Kutta—Nystrom (DIRKN) method in time. This method is implemented in a
similar fashion to the DIRK-HDG methods in [22]. We utilize a fourth-order DIRKN method
matching the order of the Stormer-Numerov scheme. The coefficients of the DIRKN scheme
are detailed in [24] (see Eq. (4.8)). We remark that we also obtain optimal convergence results

1.0 1.0
! 5 ﬁ,.
b i u
0.5 0.5
00}° 00}"°
-0.5 -0.5
-1.0 -1.0—= - : : -
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Fig.1 Left exact solution (black line) and approximate solution %y, (blue circle) by the DIRKN-HDG scheme.
Right exact solution (black line) and approximate solution uy, (blue circle) by the Stormer-Numerov HDG
scheme. We computed with p =1, h = 2*7, k = .5h, v =20, and up to Tf = 200 (Color figure online)
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1.0 1.0
0.5 0.5 ‘l:
0.0 0.0 '
",

-0.5 -0.5 \
\
-1.0 02 0.6 0.8 10 8o

1.0
Fig. 2 Left exact solution (black line) and approximate solution uj, (blue dashed line) by the DIRKN-HDG
scheme. Right exact solution (black line) and approximate solution uy, (blue dashed line) by the Stormer-

Numerov HDG scheme. We computed with p = 1, h = 2*7, k = .5h, v = 20, and up to Tf = 200 (Color
figure online)

1.0

05

0.0

-1.0
0.0 0.2 0.4

.0
0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Fig.3 Left exact solution (black line) and approximate solution iy, (blue circle) by the DIRKN-HDG scheme.
Right exact solution (black line) and approximate solution uy, (blue circle) by the Stormer-Numerov HDG
scheme. We computed with p =2, h = 2_6, k = .3h, t =20, and up to Tf = 200 (Color figure online)

1.0 1.0 -
I,
u
0.5 0.5
0.0 0.0
-0.5 -0.5
-1.0 -1.0
0.0 0.2 0.4 0.6 0.8 1.0 00 0.2 0.4 0.6 0.8 1.0

Fig. 4 Left exact solution (black line) and approximate solution uj, (blue dashed line) by the DIRKN-HDG

scheme. Right exact solution (black line) and approximate solution uy, (blue dashed line) by the Stormer-

Numerov HDG scheme. We computed with p =2, h = 276,k = 3h, T =20, and up to Ty = 200 (Color
figure online)
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for the DIRKN-HDG scheme. We compare the approximate solutions by the two schemes
for a long term computation 7y = 200. We observe that, thanks to the conservative prop-
erties of the Stormer-Numerov scheme, its approximate solution almost does not dissipate.
On the other hand, dissipation is observed for the approximate solution by the DIRKN-HDG
scheme. Computation are performed for polynomial degree p = 1, 2. Plots of the approxi-
mate solutions are provided in Figs. 1 and 2 for p = 1 and Figs. 3 and 4 for p = 2. Finally,
we observe in the case p = 1 a phase-lag behaviour in both approximate solutions.

7 Concluding Remarks
We can obtain the very same results if we use the SDG method [5], or any of the HDG or

mixed methods (for diffusion problems) obtained by the theory of M-decompositions recently
introduced in [6].

A An Identity Used in the Duality Argument

Lemma A.1 Suppose n is the continuous piecewise-linear Lagrange interpolation of the
values {n"}flvzo and p : [0, T] — R is a function. Then we have

T N—-1
/0 (Ot = 50O (0) +k Y n(ta)lka(ta) + 51 (01 1(0),
n=1
T N—1
fo A )dt = 5™ (T —k Y Din" uty) — 8in' 1 (0).

n=1

There result also holds for functions taking values in an inner product space, when the
pointwise product is substituted by the inner product.

Proof We have

N

T th In
/O nou@de =y (" f Lt — by u(oyde + " / Lt — Dp(dr)
th—1 th—1

n=l1
- N-1 t
= ,,N/ ) He = (T —kpuyde + ) n"/ F( =t Dpu(ndr
- n=1 In—1
N th k
+ Zn"—lf Lty — Hu()dt + 770/0 k= D,
n=2 fn—1

After using the definition of I, we get the first identity.
To obtain the second identity, note that we have

T N N
/ Nt =y / ARt =Y 8" (t) — ta-1)),
0 n=1 In—1 n=1
and the result follows after simple rearrangements. O
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