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Abstract. We study the numerical approximation of a coupled hyperbolic-parabolic system by a family of discon-
tinuous Galerkin (DG) space-time finite element methods. The model is rewritten as a first-order evolutionary problem
that is treated by a unified abstract solution theory. For the discretization in space, generalizations of the distribution
gradient and divergence operators on broken polynomial spaces are defined. Since their skew-selfadjointness is
perturbed by boundary surface integrals, adjustments are introduced such that the skew-selfadjointness of the discrete
counterpart of the total system’s first-order differential operator in space is recovered. Well-posedness of the fully
discrete problem and error estimates for the DG approximation in space and time are proved.
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1. Introduction. We study the numerical approximation by discontinuous Galerkin (DG)
methods in space and time of solutions to the hyperbolic-parabolic system

(1.1a) pdiu — V- (Ce(u)) +aVp=pf, inQx(0,T],
(1.1b) coOp+aV-0u—V-(KVp)=g, inQx(0,7T],
(1.1c) u(0) =uo, Gu(0)=wu1, p(0)=po, in€,

(1.1d) u=0, p=0, ondQx(0,7].

For this, we rewrite (1.1) as a first-order evolutionary problem in space and time on the
open bounded domain Q C R?, with d € {2, 3}, and for the final time 7" > 0. The
system (1.1) is investigated as a prototype model problem for poro- and thermoelasticity; cf.,
e.g., [14,15, 16, 37,49]. In poroelasticity, equations (1.1a) and (1.1b) describe the conservation
of momentum and mass. The unknowns are the effective solid phase displacement w and the
effective fluid pressure p. The quantity (u) := (Vu + (Vu)")/2 denotes the symmetrized
gradient or strain tensor. Further, p is the effective mass density, C' is Gassmann’s fourth-order
effective elasticity tensor, « is Biot’s pressure-storage coupling tensor, cg is the specific storage
coefficient, and K is the permeability field. For simplicity, the positive quantities p > 0,
a > 0, and ¢y > 0 are assumed to be constant in space and time. Moreover, the tensors C
and K are assumed to be symmetric and positive definite and independent of the space and
time variables as well. In (1.1a), the effects of secondary consolidation (cf. [40]), described in
certain models by the additional term A\*d;;e(0;u) in the total stress, are not included here.
Beyond the classical applications of (1.1) in subsurface hydrology and geophysics, for
instance in reservoir engineering, systems like (1.1) have recently attracted reseachers’ interest
in biomedical engineering; cf., e.g., [22, 25, 41]. In thermoelasticity, the system (1.1) describes
the flow of heat through an elastic structure. In this context, p denotes the temperature, cg
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is the specific heat of the medium, and K is the conductivity. The homogeneous Dirichlet
boundary conditions (1.1d) are studied here for simplicity and brevity.

By introducing the variable of unknowns U := (v,a,p,é)T, with the quantities
v:=0iu, 0 := Ce, and q := —KVp + av, we transform the system (1.1) into an ab-
stract evolutionary equation written as the sum of two unbounded first-order differential
operators, one of them involving a first-order differential operator in time and the other one
involving first-order differential operators in space. In the exponentially weighted-in-time
Bochner space H,, (R; H) defined in (2.1), with some weight v > 0 and the Hilbert space
H:=12 (Q)(d+1)2, we then obtain the evolutionary equation for U,

(1.2) (0:Mo+ M, + AU =F.

In (1.2), M and M are bounded linear selfadjoint operators in H, and A is an un-
bounded skew-selfadjoint operator in H. The right-hand side function F' in (1.2) depends on
the source terms f and g of (1.1). For (1.2), a solution mechanism developed by R. Picard [42]
can be applied. It is based on the monotonicity of both the sum of the mentioned unbounded
operators together with its adjoint computed in the space-time Hilbert space. For the presen-
tation of the solution theory we refer to [48, Theorem 6.2.1]. The well-posedness criterion
for (1.2) that is summarized in Theorem 2.5 is elementary and general. It can be verified
without dealing with the intricacies of more involved solution methods. This is an appreciable
advantage of Picard’s theorem [42]. A priori, there is no explicit initial condition implemented
in the theory. For (1.2), an initial condition of the form lim ;, MU (t) = MU, for
some tg € Rand U € D(A), can be implemented by a distributional right-hand side term
F + 6;, MU, for some F € H,(R; H) supported on [tg, 00) and the Dirac distribution dy,
at to. For details of this we refer to [43, Section 6.2.5] and [48, Chapter 9].

By introducing the four-field formulation for the unknown vector U, the problem size
is increased. However, in poroelasticity the explicit approximation of the flux variable
g = —KVp is often desirable and of higher importance than the approximation of the fluid
pressure itself. For instance, this holds if the reactive transport of species dissolved in the fluid
is studied further. Simulations then demand for accurate approximations of the flux variable q.
A similar argument applies to the stress tensor o if this variable is the goal quantity of physical
interest in (1.1) or needs to be post-processed for elucidating phenomena modeled by (1.1).
In implementations, the symmetry of the stress tensor o can still be exploited to reduce the
problem size.

In this work we propose and analyze fully discrete numerical approximation schemes
that are built for the evolutionary equation (1.2). Their key feature is that they essentially
preserve the abstract evolutionary form (1.2) and the operators’ properties. However, due to
the nonconforming discretization in space that is applied here, the skew-selfadjointness of
the discrete counterpart Ay, of A in (1.2) is perturbed by non-vanishing contributions arising
from boundary face integrals. Therefore, a correction term is introduced on the discrete level
to overcome this defect and to ensure that a discrete counterpart of the skew-selfadjointness,
which is essentially used in the analyses, is satisfied. In the design of numerical methods,
structure-preserving approaches ensuring that important properties of differential operators
and solutions to the continuous problem are maintained on the fully discrete level are highly
desirable and important to guarantee a physical realism of the numerical predictions. We focus
on DG discretizations of the space and time variables. DG methods for the space discretization
(cf., e.g., [26, 27, 46]) have shown their high flexibility and accuracy in approximating
reliably solutions to partial differential equations, even solutions with complex structures or
discontinuities, and in anisotropic or heterogeneous media. The application of DG schemes
for the space discretization of (1.2) and the definition of the DG counterpart of A in (1.2)
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to preserve skew-selfadjointness represent the key innovation of this work over a series of
previous ones [8, 32, 33, 34] based on Picard’s theory. For the DG space discretization, the
definition of the distribution gradient and divergence operator is extended to broken polynomial
spaces by penalizing the jumps of the unknowns over interelement surfaces. By still adding
some boundary correction due to the nonconformity of DG methods, the skew-selfadjointness
of A is passed on to its discrete counterpart A,. This consistent definition and treatment
of the DG gradient and DG divergence operators for the nonconforming approximation is
essential for the overall approach and its analysis. It has not been studied yet. Finally, some
penalization term is incorporated into the discrete scheme to ensure that a weak form of the
Dirichlet boundary condition (1.1d) is satisfied.

For the discretization in time we use the DG method [50]. Variational time discretizations
offer the appreciable advantage of the natural construction of families of schemes with
higher-order members, even for complex coupled systems of equations. There exists a strong
link to Runge—Kutta methods; cf. [3, 4]. DG time discretizations are known to be strongly
A-stable. For elastodynamics and wave propagation they violate the energy conservation
principle of solutions to the continuous problem. This might evoke effects of damping or
dispersion. However, the convergence of the jump terms at the discrete time nodes is ensured;
cf. [33, Theorem 2.3]. Continuous-in-time Galerkin (CG) methods (cf., e.g., [2, 6, 11, 12, 32]
and the references therein) are known to be A-stable only, but they preserve the energy
of solutions [12, Section 6]. These families are more difficult to analyze since they lead
to Galerkin—Petrov methods with trial and test spaces differing from each other. For this
reason and due to computational advantages gained for simulations of the second-order
form (1.1), DG time discretizations are studied here. For studies of CG schemes we refer to,
e.g., [6, 11, 12,28, 32, 38] and the references therein. For a numerical study of DG and CG
time discretizations of (1.1) we refer to [7].

In [34] and [32], one of the authors of this work studies with his coauthors numerical
schemes based on DG and CG Galerkin methods in time and conforming Galerkin methods in
space for evolutionary problems (1.2) of changing type. By decomposing €2 into three disjoint
sets and defining M and M ; setwise, the system (1.2) degenerates to elliptic, parabolic, or
hyperbolic type on these sets. Usually, degenerating problems are difficult to analyze. Due
to the weak assumptions about the operators made in the theory of Picard [42], such type of
problems can be embedded into this framework. The same applies to the concept of perfectly
matched layers in wave propagation; cf., e.g., [13, 23]. They are used to truncate the entire
space R? or unbounded domains to bounded computational ones and mimic non-reflecting
boundary conditions. The analysis of wave propagation with artificial absorbing layers and
changing equations in either regions becomes feasible as well by the abstract solution theory.

In [24], space-time DG methods for weak solutions of hyperbolic linear first-order
symmetric Friedrichs systems describing acoustic, elastic, or electromagnetic waves are
proposed. For an introduction into the theory of first-order symmetric Friedrichs systems,
we refer to [29, 30, 31] and [26, Chapter 7]. Similarly to this work, in [24] a first-order in
space and time formulation of a second-order hyperbolic problem is used. In contrast to this
work, no coupled system of mixed hyperbolic-parabolic type is considered there. In [24], the
mathematical tools for proving well-posedness of the space-time DG discretization and error
estimates are based on the theory of first-order Friedrichs systems. The theory strongly differs
from Picard’s theorem [42] that is used here. The differences of either approaches still require
elucidation. In deriving space-time DG methods and proving error estimates, differences
become apparent in the norms with respect to which convergence is proved. In [24], stability
and convergence estimates are provided with respect to a mesh-dependent DG norm that
includes the L2-norm at the final time; cf. also [9].
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Here, convergence of the fully discrete approximation U 5, of (1.2) is proved in Theo-
rem 4.1 with respect to the natural and induced norm of the exponentially weighted Bochner
space H, (R; H), with the product space H = L2(€2)(@*+1* equipped with the L-norm. For
the full discretization U ;. j, of the solution U to (1.2), we show that

(1.3) sup (Mo(U~U,1)(t),(U~U.p)t) a+|U—~Us, |2 < OF*ED 427y
t€[0,T]

where || - ||, is the exponentially weighted natural norm associated with H, (R; H). Further, k&
and r denote the piecewise polynomial degrees in time and space, respectively.

The paper is organized as follows. In Section 2 the evolutionary form (1.2) of (1.1) is
derived, and its well-posedness is shown. The space-time discretization of (1.2) by the DG
method is presented in Section 3. Its error analysis is addressed in Section 4. In Section 5, we
illustrate our error estimate by numerical experiments for the scalar wave equation, studied for
brevity and simplicity. In Section 6, we end with a summary and outlook.

2. Evolutionary formulation and its well-posedness. In this section we formally rewrite
the coupled hyperbolic-parabolic problem (1.1) as an evolutionary problem (1.2) by introduc-
ing auxiliary variables. For the evolutionary problem we present a result of well-posedness
that is based on Picard’s theorem; cf. [42] and [48, Theorem 6.2.1]. Therein, the evolutionary
problem is investigated on the whole time axis, for ¢ € R, in the exponentially weighted
Bochner space H,, (R; H) introduced in Definition 2.1. Throughout, we use the usual notation
for standard Sobolev spaces. Vector- and tensor-valued functions and their spaces are written
in bold.

DEFINITION 2.1. Let H be a real Hilbert space with associated norm || - || gr. For v > 0,
we set

@.1) H,(R;H) := {f ‘R H : / £ ()12 e~ 2 dt} .
R
The space H, (R; H), equipped with the inner product

(2.2) (f,9)v = /R<f(t),g(t)>H e”®"dt,  for f,g€ H,(R;H),

is a Hilbert space. The norm induced by the inner product (2.2) is denoted by || - ||,,. Moreover,
we define J; to be the closure of the operator

0 : C(R; H) € H,(R; H) — H,(R; H),
¢— ¢,
where C°(R; H) is the space of infinitely differentiable H-valued functions on R with
compact support. The domain of the time-derivative of order s, denoted by 07, is the space
H:(R; H). Before rewriting (1.1) in the form (1.2), we need to introduce differential operators

with respect to the spatial variables.
DEFINITION 2.2. Let Q C RY, for d € N, be an open non-empty set. Then we define

L2(Q)gyxncll i= {(¢ij)i,j=1,.... € L2 Q)™ gy = by Vi, j € {1,.. Ld} .
DEFINITION 2.3. Let Q C R?, for d € N, be an open non-empty set. We let

grad, : HY(Q) C L*(Q) — L*(Q)?,
¢ = (0j0)j=1,..d:
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and

Grady : H}(Q)4 ¢ L*(Q)? — L*(Q)2xd

sym )

2.3) 1
(0j)j=1,..d = 5(31%' +0501)ji=1,....d -

Moreover, we let

2.4) div : D(div) ¢ L*(Q)? — L*(Q),
) div := —(grad,)”,
and

25) Div : D(Div) C L*(Q)2%¢ — L* ()¢,
' Div := —(Gradp)* .

We note that Gradg u = &(u) for u € Hg(Q)?. The operator div in (2.4) assigns each
L?-vector field its distributional divergence with maximal domain, that is,

d
D(div) = {¢ e L)) ;¢ € LQ(Q)} :
i=1

Similarly, the operator Div in (2.5) assigns each L?(€2)%<? tensor field its distributional
divergence with maximal domain, that is,

d
D(Div) = { ¢ € L2 ()& (Z 6i¢ij> e L*(Q)?
i=1 j=1,....d

To rewrite (1.1) formally as a first-order evolutionary problem, we introduce the set of
new unknowns

(2.6) v := Jyu, o :=Ce, and q:=—-KVp.

Using (2.6) and differentiating the second definition in (2.6) with respect to the time variable,
we recast (1.1a) and (1.1b) as the first-order-in-space-and-time system

(2.7a) pOv — Dive + agradyp = pf,
(2.7b) S0i0 — Gradgv =0,
(2.7¢) coOip + adive +divg =g,
(2.7d) K 'q+gradyp=0,

where S denotes the positive definite, fourth-order compliance tensor of the inverse stress-
strain relation of Hook’s law of linear elasticity,

e=So.
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In matrix-vector notation the system (2.7) reads as

p 0 0 O 0 0 0 0

0 S 0 o 0 0 0 0

%10 0 ¢ o/Tlo oo o

00 0 O 000 K
(2.8)

0 —Div agrad, 0 v of
— Gradg 0 0 0 ol |0
T adiv 0 o div||lp| " |y
0 0 grad, 0 q 0

To further simplify the spatial differential operator in (2.8), we introduce the total flux variable
q:=q+av

and then recast (2.8) as the evolutionary problem

p 0 0 O —?K™' 0 0 —aK™']
0O S 0 o 0 0 0 0
%10 0 ¢ ol | o 00 O
00 0 O oK' 0 0 K'|
0 — Div 0 0 [v of
+ — Gradg 0 0 0 ol |0
0 0 0 div pl |9
0 0 grad, 0 K 0
Finally, we put
29 U:=(v,0.p,q9)) and F:=(pf,00).
We define the operators
[p 0 0 O —?K™' 0 0 —aK™!
0 S 0 o 0 0 0 0
Mo:= 1, ¢ c 0’ M, = 0 00 0 ’
00 0 O —aK™' 0 0 K
(2.10) )
0 — Div 0 0
| —Grady 0 0 0
A= 0 0 0 div
. 0 0 grad, 0

Then we obtain the following evolutionary problem:
PROBLEM 2.4 (Evolutionary problem). Let H denote the product space
(2.11) H = L*(Q)% x L2 Q)44 x L2(Q) x L*(Q)¢,

sym

equipped with the L*-inner product of LQ(Q)(d‘H)Q. Let My, M, : H — H, and
A:D(A)C H— H, with

(2.12) D(A) := H}(Q)? x D(Div) x H}(Q) x D(div),

be defined by (2.10).
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For a given F € H,(R; H) according to (2.9), find U € H,(R; H) such that
(2.13) (9, Mo+ M, + AU = F,

where U is defined by (2.9) along with (2.6).

Well-posedness of (2.13) is ensured by the following abstract result; cf. [42] and [48,
Theorem 6.2.1]:

THEOREM 2.5 (Well-posedness). Let H denote a real Hilbert space. Let M,
M, : H — H be bounded linear selfadjoint operators and A : D(A) C H - H
skew-selfadjoint. Moreover, suppose that there exists some vy > 0 such that

(2.14) Iy>0Vw >, xe H: (vMo+ M)z, x)g > v(x,T)H -

Then, for each v > vy and each F' € H,(R; H), there exist a unique solution U € H,(R; H)
such that

(2.15) (0;My,+ M, + A)U = F,

where the closure is taken in H,(R; H). Moreover, there holds the stability estimate
1
(2.16) U], < ;HFHV-

If F € H3(R; H) for some s € N, then the inclusion U € H;(R; H) is satisfied, and the
evolutionary equation is satisfied properly such that

(Mo + M, + AU =F.

COROLLARY 2.6 (Well-posedness of Problem 2.4). Problem 2.4 is well-posed. In
particular, there exists a unique solution U € H,(R; H) in the sense of (2.15).

Proof. For Problem 2.4, the assumptions of Theorem 2.5 are fulfilled due to the conditions
that the constants p, o, and ¢ in (2.10) are strictly positive and the compliance tensor S and
the matrix K are symmetric and positive definite. The skew-selfadjointness of A directly
follows from (2.4) and (2.5), respectively. Therefore, Theorem 2.5 proves the assertion of this
corollary. 0

REMARK 2.7.
e By a version of the Sobolev embedding theorem (cf. [43, Lemma 3.1.59]), we have
that
(2.17) H)(R;H) < C,(R; H),
where

C,(R;H) = {f :R — H : fiscontinuous, sup || f()||me " < oo} .
teR

e For F € H}(R; H) there holds that U € H}(R; H) and, consequently, that
2.18) AU = F — 9;MU — MU € H,(R; H).

Therefore, we have that U (t) € D(A) for almost every ¢ € R. Moreover, for
F € H2(R; H) it follows that U € H2(R; H), and, taking the time-derivative of
the equation in (2.18), that U € H(R; D(A)). By the embedding result (2.17), it
then follows that U € C,(R; D(A)).
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e The condition (2.14) of positive definiteness is assumed to hold uniformly in v > 1.

This ensures the causality of the solution operator S, := (0; Mo+ M, + A) !
to (2.15); cf. [48, Theorem 6.2.1]. Further, it holds that S, F' = S, F', for v,n > 1y
and F € H,(R;H)N H,(R; H).

e Initial value problems for (2.13) are studied by a generalization of the solution
theory to certain distributional right-hand sides; cf. [48, Theorem 9.4.3] and [43,
Theorem 6.2.9]. Let F € H,(R; H) be supported on [tg, 00), for some ¢y € R, and
Uy € D(A) be given. Then, the evolutionary equation

(2.19) (0:My+ My + AU = F + 6,, MU,

has a unique solution U € H, '(R; H) satisfying MU (tJ) = MU, in
H~1(D(A)), where d;, denotes the delta distribution at t = to. For ¢t € (0, 00), the
evolutionary equation (0; Mo + M + A)U = F is satisfied in the sense of dis-
tributions for test functions ¢ € HL(R; H) N H, (R; D(A)) supported on [to, o0).
The distribution on the right-hand side of (2.19) can still be avoided by reformulating
the initial value problem for (2.5) into the evolutionary equation

(O:Mo+ M, + AW =0, 'F + H; U,

for W := 0, U, where H., denotes the Heaviside function with jump in ¢ = to;
cf. [32, Corollary 1.1] and [43, p. 446]. Then, it follows that

U=08,0,My+ M +A) 97 F +6,Uy).

3. DG discretization and well-posedness. Here we derive a family of fully discrete
schemes for Problem 2.4. Space and time discretization are based on DG approaches. Well-
posedness of the discrete problem is shown. We assume that the weight v in (2.1) is chosen
such that the assumptions of Theorem 2.5 are satisfied.

3.1. Notation and auxiliaries. For the time discretization, we decompose I = (0, T'] into
N subintervals I,, = (tp—1,tn],n=1,... N,with0 =ty < t; < -+ <tny_1 <ty =T,
such that I = Ufj:l I,,. We put 7 := max,,—1,... N Tpn, With 7, = t,, — 1,,_1. Further, the set
M, :={I4,...,In} is called the time mesh. For any k£ € Ny and some Banach space B, we
let

k
Py(I,; B) := {wT il — B w,(t)=Y WIWVtel,, We ng'}
j=0

denote the space of B-valued polynomials of degree at most k defined on I,,. For a Hilbert
space H, the space Py (I,,; H), equipped with the exponentially weighted inner product

t7l
3.1 (07, W5y ;:/ (00 (£), wo (£)) g1 20

tn—1

is a Hilbert space. The semidiscretization in time of (2.13) by Galerkin methods is done in
(3.2) Y! (B):={w, € H,(0,T;B) : w,;, €Py(I,;B),VI, € M,;,w.(0) € B}.

For any function w : I — B that is piecewise sufficiently smooth with respect to the time
mesh M, for instance for w € Y,*(B), we define the right-hand sided and left-hand sided
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limit at a mesh point ¢,, by

wt(t,) = lim w(t), forn<N,

(3.3) t—stn-+0
w (tp):= lm w(t), forn>0.

t—t,—0

In the discrete scheme, a quadrature formula is applied for the evaluation of the time
integrals. For the discontinuous-in-time finite element method, a natural choice is to con-
sider the (k 4 1)-point right-sided Gauss—Radau quadrature formula on each time interval
I, = (tp—1,tyn]. Here, we use a modification of the standard right-sided Gauss-Radau quadra-
ture formula that is defined by

2

n

k
(3.4) Qo (w) = 2 > @uw(tn,) & / e t—tn) () dt
n=0 !

where t,, ,, = Tn(fu), for p = 0,..., k, are the quadrature points on I,, and @,, the corre-
sponding weights. Here, T, (f) := (t,—1 + t,,)/2 + (7, /2)1 is the affine transformation from
the reference interval I = (—1,1] to I,,, and u> for pp=0,.. ., k, are the quadrature points of
the weighted Gauss—Radau formula on I (cf. [44]) such that for all polynomials p € ng(f i R)
there holds

k
/e—uTyL(t+1) p(g) di = Z @ﬂp(,g#) )
i e

Then, for polynomials p € Py (1,,; R) we have that

3.5) Qu(p) = / o2/ (t=tum) p(r) dt

In

Finally, we introduce the time-mesh dependent quantities

(3.62) Qnwl]y == Qpu(w), Qulv,w], == Qn.((v,w)pr),
N
G6b)  fulf, = Qalwl, wl2, =" Qulwly e,
n=1
N
(360) Hw”?’,u,n = Qn[wa w]V ) ||w||'2r,u = Z Qn[w, ’LU]V e_2”t”*1 R
n=1

where the nonnegativity of w is assumed in (3.6b). Throughout, this will be satisfied below.
For the nodes ¢,,,, € (tn—1,tn], forp =0,...,kandn = 1,..., N, of the weighted

Gauss—Radau formula (3.4), we define the global Lagrange interpolation operator

I, : C([0,T); B) — YF(B) by

3.7 ITf(O) = f(0)7 IT.f(tTL,,LL) = f(tn,u)v ,u:(),...,k:, n= 1,...,N.

For the Lagrange interpolation (3.7), on each I, there holds that (cf. [36, Theorem 1])

(38) ||w — ITw”C(Tn,B) S CT11:+1H85+11U||C(771;B) .
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Moreover, we need the Lagrange interpolation operator LF+1 : C([0,T]; B) — X*+1(B)
with respect to the Gauss—Radau quadrature points ¢,, ,, for p = 0,...,k, and ¢,_1, for
n =1,..., N, which is defined by

./[;-k+1f(tn,u) :.f(tnyll)’ for M:07~~~7k7

(3.9) ~
Iq—k+1f(tn—l) :f(t’n—l)v for n = 17"'7N'

Then, for ff“ there holds that (cf. [36, Theorem 2])
3.10) 07 (w — I w)ll o) < e 20 Pl o7, my . for s € {0,1}.

For the space discretization, let the mesh 7;, = { K} denote a decomposition of the polyhe-
dron (2 into quadrilateral or hexahedral elements K with mesh size h = max{hyx : K € T},
for hy := diam(K). The mesh is assumed to be conforming (matching) and shape-regular;
cf., e.g., [46]. The assumptions about 7}, are sufficient to derive inverse and trace inequali-
ties; cf. [26, Chapter 1]. Further, optimal polynomial approximation properties in the sense
of [26, Definition 1.55] are satisfied; cf., e.g., [46, Theorem 2.6]. Simplicial triangulations can
be considered analogously. For more general mesh concepts in the context of DG methods,
we refer to [26, Section 1.4] or [27, Section 2.3.2].

For any K € T, we denote by nx the outward unit normal to the faces (edges for d = 2)
of K. Further, we let £, be the union of the boundaries of all elements of 7},. Let E,il = &EL\ON
be the set of interior faces (edges if d = 2) and £f = &£, \&; denote the union of all boundary
faces.

For any r € N, the space of continuous piecewise polynomial functions is denoted by

Xr = {w, € C(Q) | wp g € Wo(K) VK € E}HH&(Q),

where the local space W,.(K) is defined by mapped versions of Q,; cf. [45, Section 3.2]. For
any 7 € Ng, we denote the space of broken polynomials by

Yy o= {wy € L*(Q) | wpx € W,(K) VK € Tp,}.
For the spatial approximation of Problem 2.4 we consider using
(3.11) H,c{H" H®, with H,C H,

where the finite element product spaces H l;ly and H C;Lg are given by

(3.12a) HYY = (X5)" % (V)™ n L2 @Q)258) x X7 > ()2,
(3.12b) HSE = (V) = (V)P n L2(Q)88) x vyr < ()<

Discretizations of Problem 2.4 in either spaces, H l;by and H ig, are studied simultaneously. The
reason for considering also the hybrid space H l;ly is that continuous and H (1) (©)-conforming
finite element methods lead to lower computational cost than discontinuous ones. H (div; €2)-
conforming approximations in the framework of Picard’s theory have been studied in [34]
for scalar-valued problems of changing type. These families of schemes can be applied
analogously to the approximation of o and q in Problem 2.4. Since DG methods offer high
flexibility combined with implementational advantages, DG methods are attractive and studied
here.
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In Section 4 we need the L?-orthogonal projection of functions w € H onto the broken
polynomial space H ‘,jf of (3.12b), which is very simple, even on more general meshes than

studied here. For the L?-orthogonal projection ITj, : H — H ig, v HandIlv € H ‘;Lg,
with

(3.13) (v, wi) g = (v, wp) e, forall wy, € HSE
there holds for all s € {0,...,r + 1} and all w € H*(K) that
(3.14) lw — Hpw|gm k) < Capphic "wgs (), for me{0,...,s},

where Clp,p is independent of both K and h; cf. [26, Lemma 1.58], [46, Theorem 2.6].
In (3.14), we denote by | - | gzm () the seminorm of the Sobolev space H™ (K). Also, the
L*-orthogonal projection satisfies

(3.15a) Jw — ywll g2y < Chpphic 1/2|w|H5(K) , for s> 1,
(3.15b) IV(w — Thw) g - Mell22(e) < Capphic 3/2|w|Hs(K) , for s>2,

where C}, and C}/,, are independent of both K" and h and . is the unit outer normal vector

to the face e € OK; cf. [26, Lemma 1.59].

3.2. Gradient and divergence on broken function spaces. To define our DG discretiza-
tion schemes we need to recall some general concepts for the definition of the gradient and
divergence operator on broken function spaces with respect to the triangulation 7},. For further
details and concepts of broken function spaces, we refer to, e.g., [26]. On the triangulation 7y,
let Y, = Y5 (Ty) and Z;, = Z},(T},) denote piecewise (broken) spaces of scalar- and vector-
valued functions, respectively. On the set of (inner and outer) boundaries &y, let }A/'h = )A/h(é'h)
and Z h= Z n(En) be pleceW1se (broken) spaces of scalar- and vector-valued functions on Eh,
respecnvely We put Yh =Y, % Y;L and Z =2 X A n- We denote the dual spaces of Y;L
and Z n by Y* and Z, »- In these spaces we define the following derivatives of the DG method;
cf. [35]:

DEFINITION 3.1 (DG derivatives). Let yn, = (yn, yn) € Y, and Z), = (zn,2n) € Zn.
The DG gradient grad, : Y, — ZZ and the DG divergence divyg : Zj, — }N/}:“ are defined
by

~ ~ Yyn € Yy,
(3.16a) (grady, yn, Zn) = (grady, yn, zn) — Y (Yn, Zn - MK) ok , =2
Vz;, € Zh,
KeTy
- N A Zy ,
(3.16b)  (divag zn,Yn) = (divy 24, yn) — E (zh - MK, Un)ox v;: : f,hh.

KeTh

Here, (-,)s denotes the inner product of L?(S), where we drop the index S if S = Q.
Further, grad;, and divy, are the broken gradient and divergence, respectively; cf. [26, Sec-
tions 1.2.5 and 1.2.6]. By nx we denote the unit outer normal vector assigned to 9K . We
recall that on the usual Sobolev spaces, the broken gradient coincides with the distribution
gradient; cf. [26, Lemma 1.22]. The same applies to the broken divergence; cf. [26, Sec-
tion 1.2.6]. The dual operators of graddg and divgg are denoted by gradzg 1 Zyp — Y] and

divgy : Y, — Z 5~ Then, there holds that
(3.17a) (gradiy Zn, yn) = (2n, gradqg yn) » VZh € Zp Nyn € Y,
(3.17b) (divi, Ths z0) = (Gn, divag zp) Vin € Yy ,Vzy € Z), .
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The DG derivatives grad,, and — divag are conditionally dual with each other; cf. [35].
To demonstrate this link, we deduce from (3.16) and (3.17) that

(= divig Un, 2n) = —(Un, divag zn)
(3.183) = (grady, yn, zn) + Z (Un = yn, zn - nK)ok
KeTh
(3.18b) (gradg yn, Zn) = (grady, yn, 2n) — Y (Un, 20 - K)ok,
KeTs
and
<grad:§g ghvyh> = <2h7graddg yh>
(3.192) = —(divy 25, yn) + Z ((zn — Zn) " K, Yn)ok »
KeTh
(3.19b) —(divag zn, Jn) = —(diva 2n,un) + Y (20 1k, U)ok
KeTh

The identities (3.18) and (3.19) directly imply the following conditional duality between
grady, and divgg under the assumption that 7n = 0 on E; cf. also [35, Lemma 2.1]:

LEMMA 3.2. Let yp, = 0 on 5,?. For the DG derivatives (3.16) there holds the duality
divag = —(graddg)* ,

if one of the following conditions is satisfied:

(3.20a) i) Zn-MK|g, = Zn MK
(3.20b) i) Ynie, = Un;
RPN 1 _ ~ 1 _
(3.20¢) iii) zZp-mg = 5(z:+zh)~nK and g, = E(y;{—i-yh).
In (3.20c), we let yff = YnlokE and z}f := zp|pk+ for two adjacent elements K™ and

K~ with common face e € &£ and outer unit normal vector ny+ to 0K +. We note that
gradg, yn = gradyy, for y, € Hg(2) and divgg 2, = div 2, for 2, € H(div, Q) since the
second terms on the right-hand side of (3.16) yield that

> (yn Znnk)ox = Y (Un Zn - (Mg +ng-))e =0,

KeTh e€&}
Z (zh nK,Un)ox = Z <Zz Mg+ + 2, M-, Yn)e = 0.
KeTh eeE;}

The matrix- and vector-valued operators Grady and Div, introduced in (2.3) and (2.5), respec-
tively, are defined on broken function spaces similarly to (3.16).

3.3. Gradient and divergence on broken polynomial spaces and the operator Ap,.
Now we specify the broken spaces Y; and Z; of Definition 3.1 for the finite element
spaces (3.11) and (3.12) that we consider for the approximation of Problem 2.4. In light
of Lemma 3.2, we put

1 - ~ 1 - .
(3.21a) yhzzi(y;—&—yh) and zh-nezzﬁ(zﬁ+zh)-ne, for ec &,

(321b)  Gn = yn, and 2, - ne = 2z, - Ne, for e c £7.
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For (3.21), the definitions of the DG gradient grad,, : Y,/ — ((Y}; )%™ in (3.16a) and the DG
divergence divgg : (Y;")% — (Y;")* in (3.16b) of Definition 3.1 then read as follows:

DEFINITION 3.3 (DG derivatives for single-valued functions). The DG gradient operator
gradg, @ Yy — (V)" and the DG divergence operator divag : (Y)? — (Y;')* are
defined by

(3:22a) (gradgg yn, zn):=(grady, yn, zn)— »_ ([ynl, zn}} - me)e— Y (yn, 21 - me)e

e€t} eegf
(322b)  (divag zn, yn) = (diva zn, yn) = Y {[20] - e, {yn e — D (2n - e, yne
ec} ec&?

forally, €Y, and z), € (Y{)d, where standard notation (cf. [26]) is used for the averages
and jumps

{whe := %(wJr +w™) and [w]e == wt —w™

On the usual Sobolev spaces, the DG gradient and DG divergence of (3.22) coincide
with the distribution gradient and divergence, respectively, since for functions in H} (), the
jump terms [y,] on e € & and the traces on the boundary faces e € 5,? vanish in (3.22);
cf. [26, Lemma 1.22 and 1.24]. Similarly, for functions in H (div; Q2), the jumps [z3] - n.
fore € Sﬁ vanish as well; cf. [26, Lemma 1.22 and 1.24]. The assumption of Lemma 3.2
that g, = 0 fore € 5,? is not fulfilled for the DG space (3.11) with (3.12b). This leads to a
perturbation of the skew-selfadjointness of grad,, and divgg which is shown now.

LEMMA 3.4 (DG skew-selfadjointness). For all y;, € Y} and z;, € (th)d there holds

that

(3.23a) (gradag yn, zn) + Y (Un, 20 - Me)e = (= divigyn, zn) ,
ecef

(3.23b) (divag 2n,yn) + D (U 21 - M) = (—gradi, zn, yn)
6652

and

(3.24) (gradag yn, zn) + (divag 2nyn) = — D (Un 2 Tee)e -

ec&?

Proof. The identity (3.23) is a diLect consequence of (3.18) and (3.19) along with the
definition (3.21) of the broken spaces Y} and Zp, on &,. From (3.23b) we then get that

(gradgg Yn,2n) + (divag zn, yn)
= (gradgg 2h, yn) + (divag 2n, yn)

= _<divdg zhvyh> - Z <yh7 Zhp - n6>e + <divdg Zh, Z/h>
ecef

= - Z <yh7zh 'ne>e~

6653

This proves (3.24). 0
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For multi-valued functions, the DG derivatives Gradag : (Y;7)4 — (Y} )2 9NL2(Q)d%d)”
and Divqg : (V)4 N L2(Q)2xd — ((Y}f)d)*are defined as follows:

sym

DEFINITION 3.5 (DG derivatives for multi-valued functions). For multi-valued functions,
the DG gradient operator Gradgg : (Y;')® — ((Y;7)4*¢n L2 (Q)dXd)* and DG divergence

sym

operator Divgg @ (Y7)¥4 N L2(Q)4%d — ((th)d)* are given by

sym

(Gradag Yy, zn) := (Grady yy, zn)

(3.:252) - Z (lynl, {zn B - me)e — Z (Yps Zh - Me)e s
e€s}, ec&?
<Divdg Zh, yh> = <Dth Zh, yh>
(3:25b) - Z (Izn] - me, {ynB)e — Z (Zh Me,Ype s
ecE} ect?

forally, € (Y)?and z;, € (Y;)P*4N LQ(Q)‘Sinnﬁi.

In (3.25), the operators Grad;, and Divy, are the broken symmetrized gradient and the
broken divergence that extend the distributional gradient in (2.3) and the divergence in (2.5) to
broken polynomial spaces; cf. [26, Definition 1.21]. On the usual Sobolev spaces, the broken
gradient Gradg, and divergence Divq, coincide with the distributional symmetrized gradient
and divergence of (2.3) and (2.5), respectively. Similarly to Lemma 3.4, for DG spaces there

holds for y;, € (Y;")% and zp, € (Y;")4*4 N L2(Q)2X4 that

sym

(3263) <Graddg Yn, zh> + Z <yha Zhp - n6>6 = <7 Div:lg Y, zh> 5
ecg?

(3.26b) (Divag zn yp) + O (Yn: 20 - ne)e = (— Grady, 2n,y,)
e€g?

and

(3.27) (Gradag yp,, zn) + (Divag zn, y) = — Z (Yn, Zn - Ne)e -

ec&?

Now, we are able to define a discrete counterpart Ay, : Hy — H of the differential
operator A : D(A) C H — H introduced in (2.10).

DEFINITION 3.6 (Discrete operator Ay,). For the DG differential operators introduced
in (3.22) and (3.25), respectively, the operator Ay, : Hy, — H, is defined by

0 —Divgg 0 0
| —Gradqgg 0 0 0

(3.28) A= 0 0 0 divg |
0 0 gradg, 0

such that for'Y , Z € H}, there holds
(3 29) <AhY, Z> = — <Ding Y2, Z1> - (Graddg Yl, Z2>
' + (divag Y4, Z3) + (grady, Ys, Z4) .

REMARK 3.7. From (3.24) and (3.27) we conclude that for Y € Hj, there holds

(3.30) (ALY, Y) = > (Y1,Yy ne)e— Y (Y3, Yy me)e.

ectp ect?
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By (3.23) and (3.26), the operator Ay, is not skew-selfadjoint on Hdg, as defined in (3.12b),
due to perturbations by boundary face integrals. Consequently, the inner product (A4;Y,Y")
does no longer vanish as in the continuous case. However, the control of the latter term is
essential for our analysis. Therefore, some correction term, defined in (3.32) below, will be
introduced in the fully discrete scheme. Finally, we note that skew-selfadjointness is preserved
for the hybrid space H | of (3.12a).

3.4. Fully discrete problem with structure-preserving nonconforming approximation.
For the discretization of Problem 2.4 in the space H,, defined in (3.11) and (3.12), we then
consider the following family of fully discrete nonconforming approximation schemes:

PROBLEM 3.8 (Fully discrete problem). Let Hj be given by (3.11) and (3.12). For
the operators My and M1 of (2.10), Ay, of (3.28), and given data F € H,}(O7 T;H) and
Uon € Hy, where Uy, € Hj, denotes an approximation of the initial value Uy € H
according to (2.9), find U .., € Y} (H,) with

Qn[(atMO + Ml + Ah)UT,h7 V‘r,h]u
(33]) +Qn[‘]0(UT7h7VT,h) + J’y(U‘rJuVT,h)]V
+ <MO[[UT,h}]n713 Vj—:}?il>H = Qn[F; V‘r,h]l/

forall V., € YF(H})andn € {1,2,..., N}, where

(332 JoUnn Vo) =S (U2 . V) + S (W0 0 V).,
ee€? eegf
1
6 B Ven = 3 L0 v S V)
ec&?

with parameters ; > 0, fori € {1,2}, and

Ul (tn1) —U.,(tn1), for ne{2,...,N},
U/ y(tae1) = Uop,s for n=1,

[[U'r,h]]nfl = {

Jor U, Vo € YE(HY), with VI = V1, (t,_1) being defined by (3.3).
REMARK 3.9.

e The algorithmic (or penalization) parameters -y; > 0, for ¢ € {1, 2}, in (3.33) have to
be chosen sufficiently large; cf. [46]. The contribution .J,, defined in (3.33), enforces
a weak form of the homogeneous Dirichlet boundary conditions in (2.12). In the
error estimation below, the term J,, is further used in an essential way for absorption
arguments and deriving convergence order estimates. Contributions to the upper
bound of the discrete error are absorbed.

e In (3.31), the mathematical structure of the evolutionary problem (2.13) is essentially
preserved, with the discrete operator Ay, replacing A. The perturbation of the skew-
selfadjointness of Ay, resulting from (3.23) and (3.26), is compensated in the analysis
below by the additional (boundary) correction Q,,[Jo(U 1, V- )], in (3.31), along
with the penalization induced by Q.. [Jy (U~ n, V+1)lo.
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e A stronger penalization is obtained by further adding the term

J (UT h7V’T h)
= Z (’73 [[U(l) [[V(l) >e+74<]]UT(?}2]]a[[VT(,?;L)H>e)
e€&l
+ 3 2 (UG nd VS ), + 26U n] VS, D),
e€&l

to the left-hand side of (3.31), with constants ; > 0, fori € {3,...,6}. The term
Js penalizes the jumps of the variables over interior faces. For brevity, we do not
include J;5 into our error analysis below since the presence of .Js does not change the
arguments and final results in an essential way. The nonnegativity of Js(V 7.5, V-~ 1)
yields an error control for the jumps of the variables over interelement faces.

e Problem 3.8 yields a global-in-time formulation. For computations of space-time
finite element discretizations, we propose using a temporal test basis that is supported
on the subintervals I,,; cf. [5, 8]. Then, a time-marching process is obtained. For
Problem 3.8, this amounts to assuming that the trajectory U ; ;, has been computed
before, for all ¢ € [0, ¢,_1], starting with an approximation U ; ;,(to) := Ug p, of
Uy € D(A). On I,, = (ty_1,t,), for given U, j,(t,—1) € H}, we consider then
finding U, j, € Py (I,,, H},) such that (3.31) is satisfied for all V', € Py (L, Hp,).

e In (3.31), there holds that

— Divgg U( ) i V,(r%})l
— Grad U“) v
(AnUrns Von)a = . P B
ledg UT h VT,h H
L graddg U‘Sh J _VS'Z:L})L
(3.34) ] ]
v® 7 [-Divg, v
/|- Gradg, UY,, ve
Nu T e |/
graddg UT(,B;z d st,li)z

By (3.23a) and (3.26a), the operators — Divy, and divy, in (3.34) are transformed
into the DG gradients Gradqg and grady,, respectively, applied to the test functions,
and additional sums of boundary face integrals. This can be exploited in the assembly
process and error analysis.

THEOREM 3.10 (Well-posedness of fully discrete problem). There exists a unique
solution Uy, € Y h(Hh) of Problem 3.8.

Proof. The proof follows the ideas of [34, Proof of Proposition 3.2]. To keep this work
self-contained and due to adaptations of the proof required by the perturbation of the skew-
selfadjointness, we briefly present it. Since Problem 3.8 is finite-dimensional, it suffices to
prove uniqueness of solutions to (3.31) forn € {1, ..., N}. The existence of solutions then
directly follows from their uniqueness. By means of the first of the items in Remark 3.9 and
an induction argument, it suffices to prove the uniqueness of solutions to (3.31) on a fixed
subinterval 1,,.
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For this, let I}T,h € Pr(I,, Hy) and ﬁﬂh € Pi(I,, Hp) be two solutions of (3.31).
Then, their difference U, j, := U, — U, p, satisfies for all V', j, € Py.(1,,, H}p,)

Qn[(atMO + Ml + Ah)UT,fm VT,h]V + Qn[J[“)(UT,ha V‘r,h) + J’y(UT,ha V‘f',h)]l/
(3.35) )
+ <M0Uj-:h(tn—1) Vj,7hn_ >H =0.

Next, we recall an argument of [34, Proof of Proposition 3.2]. We note that
O : Pr(I,, H) = Pr(I,, H),
w, — dw,
and
Op—1:Pr(l,,H) —» H,

w, 5 61w, = w (t,_1)

are bounded linear operators with respect to the norm of P (1,,, H) induced by the inner
product (3.1). Consequently, the mapping

Py(I,,H) > R,
w, > (2,0, 1w, ) i

is linear and bounded for each z € H. Then, by the Riesz representation theorem, there exists
aunique ¥, (2) € Py(I,; H) such that

(3.36) <‘IIT(z)7wT>l/,TL = <z7 6n—1wT>H .

The mapping ¥, : H — P (I,,, H) is linear and bounded since for z € H there holds that
19 (2)[2, = (% (2), Ur () = (2,00 19 (2)h1r < |20 2001 €7 (2)

Now, using integration by parts along with (3.36), we have or all v € Py (I,,; H) that

<atM0'U‘ra v7'>u,n

1 1 [tn
- 5<aﬁM0vﬂvT>u,n + 9 / (Mo0pv-(t),v-(t) 1 e 2v(t—tn-1) g

tn—1

]_ 1 tn
= §<atM0v‘rva>u,n - 5/ (Mo0yv-(t),v-(t) 1 e 2v(t=tn-1) q

tn—1

t'Vl
+ I// <MOUT(t),UT(t)>H e_2”(t_tn71) dt

tn—1

1
+ <]\/I0'U‘r(tn)vU‘r(tn»He_zwn _§<'Ui(tnfl)v Movj(tnflpH

N =

1
(3.37) 2 V<MO'UT7 'UT>V,n - §<WT(M067’L—1’UT)? 'U7—>u,n .
Using (3.36), we rewrite (3.35) as

Qn[(atMO + Ml + Ah)UT,]'M V'r,h]v + Qn[Ja(UT,h; V'r,h) + J’y(UT,h; V'r,h)]u
+ <‘IIT(M(]5n71UT,h)7 V'r,h>H =0.

(3.38)
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In (3.38), we choose V ;. j, = U, . By (3.30) along with (3.32) we have for Z € H, that
(AnZ,.Z)+ Jo(2,2) =Y (Z1,Z2-ne)e— > (Zs, 24 7c)e
ec€p ec€?
(3.39) =Y (Zyme, Zi)e+ D (Za e, Zs)e = 0.
6652 eESfZ

From (3.38) we deduce by (3.37), (3.39), and the nonnegativity of J, (U 5, U ), which
follows from (3.33), that
0= Qn[(atMO + Ml + Ah)U‘r,h; UT,hL/
+ Qn[Ja(Ur,h, U‘r,h) + J’y(UT,ha UT,h)]l/ + <\]:1T(M057L—1UTJL)7 UT,h>H
Z <atMOUT,h; UT,h>z/,n + <M1UT,h; UT,h>l/,n + <‘IlT(M05n—1UT,h)7 UT,h>y,n

> (Mo + MU 3, Ur i+ 58 (MG U0, Ur
(3.40) >N U-n,Urp)om,
where the nonnegativity of (¥ (M ¢,—1U 1), U+ 1)y n is ensured by

(W (Mobp1Ur ), Urpvn = (MoUrn(ti_1), Ur(ti_1)) e > 0.

The latter inequality follows from the assumption (2.14). From (3.40) we directly conclude
the uniqueness of solutions to (3.31) and, thereby, the assertion of this lemma. 0

4. Error estimation for the structure-preserving nonconforming approximation.
Here we prove an error estimate for the solution U ;. ;, of Problem 3.8. For brevity, the proof is
done only for the full DG approximation in space, corresponding to the choice H, = H (,llg
in (3.11), with r € Ny in (3.12b). The adaptation of the proof to the hybrid case H; = H },‘ly
in (3.11) is straightforward.

THEOREM 4.1 (Error estimate for the fully discrete problem). Let H be defined by (2.11).
For the solution U of Problem 2.4, suppose that the regularity condition

.1 U € B (R H) 0 H2(R; H' ()47

is satisfied. Let the discrete initial value U ;, € H}, in Problem 3.8 be chosen such that
{Uo—Upqnll < ch” holds.
Then, for the numerical solution U .}, of Problem 3.8 there holds that

sup (Mo(U = Urp)(t), (U = Urp)(t) +e* 7 |U = Ul
4.2) te[0,T]
< C(l —I—T) eQuT(TZ(k—i-l) + hZT') )

Proof. We split the error U — U  , into the two parts
43 U-U,p=Z+E;), with Z:=U-LII,U, E,;:=LI,U-U,,,

where I and 1I,, are defined in (3.7) and (3.13), respectively. The errors Z and E, ;, are
estimated in Lemma 4.2—4.5 below. By means of the triangle inequality, the splitting (4.3)
along with these lemmas then proves (4.2). 0
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For the error Z in (4.3) there holds the following estimate:
LEMMA 4.2 (Estimation of the error Z). Let U € H*"2(R; H) N HL(R; H*(Q)(d+1)7)
be satisfied for some s € {0, ...,r + 1}. For the error Z = U — L. I1,,U there holds that

(4.4) sup (MoZ(t), Z(t)) i + 7 || Z|2, < C(1+T) e (r2* 1) 4 p?%).
te[0,T]

Proof. We split the error Z into the two parts
4.5) Z=U - I.11I,,U = (U — H;LU) + (HhU — ITH;LU) .

From (4.5) along with the commutativity of II;, and I and the boundedness of M and IT;,,
we get that

(MoZ(t), Z()u < CIZ(1)|3 = CIU() ~ LILU @)
(4.6)
< (U - MU + 100 - LUWD|) .-

Using (3.8) and (3.14), we obtain from (4.6) that

@ (MZ).Z(0)m < O~ sup [0V + 1 sup Ul )

for ¢t € I,,. We note that the norms on the right-hand side of (4.7) remain finite under the
assumptions about U’; cf. (2.17). This shows the first of the estimates in (4.4). By the definition
of || - ||-,» in (3.6¢), the second of the estimates in (4.4) follows from (4.6) along with (3.8)
and (3.14). a

For the error E j, in (4.3) the following estimate holds:

LEMMA 4.3 (Estimation of the error E 1,). For the error E, j, = L. 11U — U, , there
holds

(MoE_,(tn), B, (tn)) b + T (| Bz, + |95 (Brns Exp)l7,)

<cT (<M0E;h<to>7 B (t0)) s + 10 Mo(U — THILD) 2,

4.8)
+ 1M ZI2, + [AZI2, +10,(2,2)2, + 1752, 2)1,

+T max {”MO(HhUJr(tnfl) — LILU ™ (ty 1)) |7 2 }) :

where, with Z being defined in (4.3),

4.9) JHZ,Z) =Y h((Zz ne, Zs ne)e +(Za e, Zs-nc)e) .

eeff

Proof. Essentially, the proof follows [34, Theorem 3.8] for the semidiscretization in time.
In [34, Theorem 3.8] the skew-selfadjointness of the continuous operator is a key ingredient
for proving the error estimate. To keep this work self-contained, we summarize in Appendix A
the proof of (4.8) for the setting of Problem 4.3 and the perturbed skew-selfadjointness of Ay,
depicted by Lemma 3.4 and (3.26). a


http://etna.ricam.oeaw.ac.at
http://www.kent.edu
http://www.ricam.oeaw.ac.at

ETNA

Kent State University and
Johann Radon Institute (RICAM)

20 M. BAUSE, S. FRANZ, AND M. ANSELMANN

For the error E .}, in (4.3) we further have the following improved estimate:
LEMMA 4.4 (Improved estimation of the error E; 1,). For the error E .}, in (4.3) there
holds that

sup <MOET,h(t)7 ET,h(t)>H
t€[0,T]

< c(<MoET,h<to>, B, (to)

(4.10) +|8:Mo(U — IFLU)|2, + M. Z|2, + | AnZ)2,

+ |J’Y(Z>Z) 72',l/+ |J(:’)1(Z7Z) 72',1/

+T max {IMo(HhU+(tn1)—ITHhU+(tn1))|§Ie—2vtn1}>_

1<n<N

Proof. The proof follows the lines of [34, Theorem 3.12] for the semidiscretization in
time. Again, to keep this work self-contained, we summarize the proof for the setting of
Problem 3.8 in Appendix B. O

Next, we estimate the terms on the right-hand side of (4.8) and (4.10), respectively, one
by one.

LEMMA 4.5. Fors € {1,...,r + 1}, let U € H¥3(R; H) N H2(R; H*(Q)(4+D%) pe
satisfied. With Z = U — I.11,,U there holds that
+ ||M1Z||2 < CT(TQ(k+1) + h23) ,

T,V —

(4.11a) ||0,Mo(U — IF+'11,U)

(=

@.110) |ALZ|2, +|J2(Z,2) 2, + |53 (Z,Z), < CTh*~1)

@.11c) ma {||M0(HhU+(tn,1)—ITHhUJ“(tn,l))H%,e*2”t"*1 }) < O

m
1<n<N

Proof. Using a splitting as in (4.5) and commutation properties of the operators show that

18:Mo(U(t) — IF'ILU )| < [|MoIlnd (U (t) — IFPU®)) |1
+[[Mo(0:U(t) — U0 U (1)) | o -

(4.12)

By (3.10) and (3.14) along with the boundedness of My and II;,, we conclude from (4.12) that

18 Mo(U(t) — IMLU#))| g < C(Tk+1 sup 10,20 || + B° sup HatUHHS(Q)) .
tel, tel,

Recalling the definition of the norm || - ||, in (3.6¢), this directly proves the first of the bounds
in (4.11a). The estimate of || M1 Z||,, in (4.11a) and inequality (4.11c) follow similarly.

It remains to prove (4.11b). By (3.9), the interpolation operator ff“ acts as the identity
at the Gauss—Radau points £, ,,. Thus, for u = 0, ..., k, we get that

(4.13a) [ARZ (tn )| e = [[AR(U = QU ) (tn )| 11

4.13b) [ J(Z(tn ), Z(tn,)rw = | (U = TRU) (tn), (U = TU) (b))
(4.13¢) J5(Z, Z)|r = |J5 (U = ILLU) (tn,u), (U = IU) (tn,u))

T,V *
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Setting ©}; := (U — H,U)(tn,,), using (3.34), and recalling the duality relations (3.232)
and (3.26a), we get for the right-hand side of (4.13a) that

(A,01,Y)) = (O]

T Divzg Y1) — (Gradgs O

Y2

+(O), 4, divi, Ya3) + (grady, O} 3, Y5 4)

w1

= (@) ,,Gradag Y1)+ > (O, ne, Yii)e
(4.14) e
—(Gradag ©}; 1, Yn2) — (O} 4, grady, Y5 3)

- Z <®Z,4 * Ne, Yh,3> <graddg @[L 3 Yh74> ’

8655

forall Y, €e H ff. Next, we bound the right-hand side of (4.14) term by term. We start
with the last term in (4.14). By (3.22a), the definition of graddg, and the Cauchy—Schwarz
inequality, it follows that

(gradq, O} 5, Y p4)
= (grad, @u 3. Y ) — Z<[[@ 3]] Y hal-me)e — Z <@,L37Yh4 Ne)e

ees} ecgf

@15) < > IVOR sl Y nallzae + Y 1001l 1KY wal} - mell 2o
KeTn e€&}

+ Z 197 sll22() Y ha - MellL2(e)
ec€?

Using (3.14) with m = 1, (3.15a), and the inverse relation (cf. [26, Lemma 1.46])
(4.16) il wnll 22y < Cinellwnll 2y,  fore C K, weQ?,

we obtain from (4.15) that

n s—1 2 1/2
@1 (gradg, 005, Y i) < CR Uy (30 IVnalau) -
KeTh

For the fourth and fifth term on the right-hand side of (4.14) we have that

(O 4,grady, Ya3) + Z (O 4 M, Yn3)e
eegﬁ
= (O] 4 grad;, Yas) — > ({O8 - ne, [Vas])e -

ec&l

From this, we find that

s gradg, Yi3) < Z 19 allz2 (&) I VYh 3l L2 ()
KeTn

(©

(4.18)
+C IO B nello ol lVaslll o) -

ec&l
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Using (3.14) with m = 0, bounding ||VY}, 3]|12(x) by the the H*-L? inverse inequality, and
applying (3.15a) and (4.16), we deduce from (4.18) that

n s—1 2 1/2
19 (@) grady, Yis) < B Uy (Y Wislfew) -
KeTy

The first three terms on the right-hand side of (4.14) can be treated similarly. Since

AW.Y s
AW ||z = sup M7 for W e D(A) + H',
vierivgoy  Ynla
combining (4.14) with (4.17) and (4.19) and their counterparts for the first and the second
term on the right-hand side of (4.14) proves for (4.13) that

(4.20) | AL (U (tn) — TRU (tn,0) |3 < CR2CY for p=1,...,k.

Applying the temporal quadrature formula (3.4) to (4.20), summing up the resulting inequality
from n = 1 to N and recalling the definition in (3.6¢) yields the error bound for || A, Z|2 ,
in (4.11b). The bound for |.J,(Z, Z)|?, follows similarly. Using (3.15a) we get that

n n C S—
(“.21) 5(©5,07) < 0 (0D ey + 10Dy ) -

Applying the temporal quadrature formula (3.4) to (4.21), summing up the resulting inequality
from n = 1 to N and recalling the definition in (3.6b) yields the error bound for |.J,(Z, Z)|% ,
in (4.11b). The term |.J3(Z, Z) |2, in (4.9) is bounded by the same arguments. This completes
the proof of (4.11). 0

Theorem 4.1 proves convergence of the error measured in the time-mesh dependent norm
|| - ||+, defined in (3.6¢c). Using a result of [33, Theorem 2.5], convergence with respect to the
norm || - ||, induced by the inner product (2.2) of the continuous function space H, (R; H)
can still be ensured.

COROLLARY 4.6. Under the assumptions of Theorem 4.1, there holds that

(4.22) U = U, 4|2 < COA+T)e2T (720D 4 p2ry
Proof. We split the error into the parts

4.23) U~ Upally < U~ LU, + LU ~ U,

v

For the first of the terms on the right-hand side of (4.23), we deduce from the interpolation
error estimate proved in [33, Theorem 2.5] that

U - LU < Cr2¢+Y.

For the second of the terms on the right-hand side of (4.23), we get, by the exactness (3.5) of
the quadrature in time for all p € Py (1,,; R) along with (4.2), that

”ITU - U‘r,h”?x = HL-U - U'r,h”?r,u = HU - U‘f‘-,h||'2r,u
(4.24)
< C(A+T)e2T(r20+D L p2ry,

Together, (4.23) to (4.24) prove the assertion (4.22). a
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By Theorem 4.1 and Corollary 4.6, the main result (1.3) of this work is thus proved. We
still comment on the optimality of this error estimate.

REMARK 4.7. The error estimates (4.2) and (4.22) are of optimal order for the time
discretization, but they are of suboptimal order for the space discretization with respect to the
approximation properties of the discrete spaces defined in (3.11) and (3.12). The numerical
evaluation of the first-order approach, presented in Section 5, argues for sharpness of the error
bounds. In the error analysis, the loss of one order of convergence in space is due to the
occurrence of the term || A Z ||, for instance in the upper error bounds in (4.8) and (4.10),
involving first-order derivatives of the interpolation error Z defined in (4.3). We did not
succeed in proving sharper bounds for the quantities estimated from above by || A, Z ||,

The abstract solution theory of Picard [42] relies on weak assumptions on the operators of
the evolutionary problem only (cf. Theorem 2.5), which is considered to be advantageous for
problems that are of interest in practice. However, stability of the solution is then guaranteed in
rL? only; cf. (2.16). As a consequence, the error estimates (4.2) and (4.22) ensure convergence
in the L*-norm in space only, and absorption arguments, which are often useful in error
analyses, are difficult to apply in this context. Due to the identity (A.3), which preserves the
skew-selfadjointness of Aj, on the discrete level by the addition of the correction term Jg,
no stricter error control than in the L?-norm is obtained by our analysis in the evolutionary
framework. In this respect, the error analysis of this work differs strongly from standard error
analyses of DG methods for first- and second-order (in space) problems. They are based
on stability estimates for the spatial differential operator and lead to stricter error control in
the DG energy norm, cf., e.g., [20, Section 5.2]. For such error analyses of DG methods,
we refer in particular to [18, 20] and also to [26, 46]. At the current state, the feasibility of
optimal-order error bounds for the space discretization thus remains an open problem and is
left as a work for the future. A redesign of the interelement fluxes (penalization terms) might
also enable improved error estimates.

For error estimates and numerical investigations of the system (1.1), based on approxima-
tions of the second-order in space formulation with the native unknowns u, v = 0;u, and p,
we also refer to [7, 8, 11].

5. Numerical experiments. Here we present some results of our performed numerical
experiments to illustrate the error estimates (4.2) and (4.22). For simplicity and brevity, the
scalar-valued wave equation is considered only. In first-order form, this equation reads as

o ([0 2+, WD EI-[%7]:

where I € RY! and I € R%?, with d > 1, denote the identity matrix. Applying the
DG discretization of Section 3.4 to (5.1) and following the error analysis of Section 4, the
error estimates (4.2) and (4.22) continue to hold for the discrete solution of (5.1). For this
reason, we study the simplified model (5.1) only. Moreover, the weight v in (2.1) and in the
quadrature formula (3.4) is chosen as v = 0, for simplicity. More sophisticated numerical
studies of the discrete scheme (3.31), also in three space dimensions, will be considered
in a forthcoming work. They do not become feasible for (3.31) without an efficient linear
solver and preconditioner that still need to be developed for (3.31). For this, we also refer
to [8], where an iterative solver is presented and evaluated for the second-order in space
formulation (1.1). Our implementation was done in an in-house frontend for the deal.IT
library [1].
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We study (5.1) for Q = (0,1)? and I = (0,7, with T = 1, and the prescribed solution

520 ata) = o) (s (20 (5~ 1)) 1) (s (2 (5 1)) 1),

(5.2b)
icos (2tw1) cos (2w2 (a: - i)) (sin (2w2 (y — i)) + 1)

%cos (2twy ) cos <2W2 (y — i)) (sin (2w2 (CU - i)) + 1)

with w; = wy = 7. The norm of L>°(I; L?) is approximated by

)

v(x,y) = l

lwl|Loo (r;02) = max{||w|z, (tnm)|| : m=1,...,.M, n=1,...,N}, with M =100,

and the Gauss quadrature nodes ¢,, ,, of I,,. We investigate the space-time convergence of
the scheme in Problem 3.8 applied to (5.1) in order to study the sharpness of (4.2) and (4.22).
For this, the domain (2 is decomposed into a sequence of successively refined meshes of
quadrilateral finite elements. The spatial and temporal mesh sizes are halved in each of
the refinement steps. The step sizes of the coarsest mesh are hy = 1/2v/2 and 75 = 0.2.
We choose the polynomial degree in time k and in space rask =r =1, k = r = 2, and
k = r = 3 such that a solution (ur.j,, vr1,) € Yo (HE) x (Yﬁfo(_H,fg))2 is obtained; cf. (3.2)
and (3.12b) for the definition of the discrete spaces. The calculated errors and corresponding
experimental orders of convergence are summarized in Table 5.1. For £k = r = 1 and
k = r = 3, the computed errors nicely confirm the results of Theorem 4.1 and Corollary 4.6.
In particular, the suboptimality of the convergence in space is illustrated. For k = r = 2,
optimal-order approximation properties with respect to the space-time L?(L?)-norm are
ensured for the DG scheme of Problem 3.8 applied to (5.1). This difference needs further
elucidation in future work. It might be due to effects of superconvergence in space on the
highly structured grids used in the convergence tests. For the analysis of superconvergence
in the discrete time nodes of variational discretizations in time to the wave equation, we also
refer to [12] and the discussion and references therein.

6. Summary and outlook. In this work we presented and analyzed the numerical
approximation of a prototype hyperbolic-parabolic model of dynamic poro- or thermoelasticity
that was rewritten as a first-order evolutionary system in space and time such that the abstract
solution theory of Picard [42, 48] in exponentially weighted Bochner spaces became applicable.
A family of DG schemes in space and time was studied where the innovation came through
the DG discretization in space of the first-order formulation. By a consistent definition of
the first-order spatial differential operators on broken polynomials spaces and the addition
of boundary correction terms, the mathematical evolutionary structure was inherited by the
discrete system from the continuous one. Well-posedness of the fully discrete problem and
error estimates for its solution were proved. For the discretization in time, optimal order
of convergence was ensured in the analysis. For the discretization in space, suboptimality
was obtained only. Numerical experiments performed for a simplified hyperbolic model
problem indicate sharpness of the presented error estimation. Numerical studies for more
complex problems, involving strong heterogeneities and anisotropies, and the comparison with
approximations based on the second-order-in-space problem formulation are also in our scope
of interest. However, such numerical studies require efficient iterative solver tailored to the
first-order system structure and remain as a work for the future.
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TABLE 5.1
L2(L?) and L (L?) errors and experimental orders of convergence (EOC) for (5.2).

T h Hu - urﬁhHLz(Lz) EOC H’U - v‘r,h”Lz(LQ) EOC HU - UTJLHLOC(LZ) EOC H’U - v-,-,h”Loo(L2> EOC

70/2% ho/20 5.3194992212e-02 — 4.5002473555e-02 — 4.7295130546e-02 —  6.5759571453e-02 -

T0/2% ho /2! 2.3727189278e-02 1.16 1.7391785239e-02 1.37 2.4542534222¢-02 0.95 3.1747780152e-02 1.05
70/22 ho /22 1.1501095599¢-02 1.04 8.2761888911e-03 1.07 1.2881433392¢-02 0.93 1.5750496027e-02 1.01
70/2% ho /22 5.7478425626e-03 1.00 4.1880359747e-03 0.98 6.5079886919e-03 0.99 8.2527298893e-03 0.93
T0/2% ho/2* 2.8804514083e-03 1.00 2.1087518836e-03 0.99 3.2684508287¢-03 0.99 4.2300827636e-03 0.96
70/25 ho /25 1.4431961280e-03 1.00 1.0587306355e-03 0.99 1.6558549975¢-03 0.98 2.1319495371e-03 0.99

k=r=1

T h Hu — uT"}LHLZ(LZ) EOC HU — UT,}LHLZ(L'-’) EOC

|u — Ur,h |LDC(L2> EOC HU - UT’}LHLOC(L2) EOC

70/2° ho/2° 4.7374720709e-03 — 4.3371374886e-03 - 6.0899775976e-03 - 5.7444903854e-03 -

70/2% ho /2! 3.1848403311e-04 3.89 3.4698808171e-04 3.64 2.0092654075e-04 4.92 2.7491608725e-04 4.39
70/2% ho /22 3.4399296400e-05 3.21 4.0798369154e-05 3.09 1.0462351708e-05 4.26 1.5873381996e-05 4.11
70/23 ho /22 4.1449361940e-06 3.05 5.0350201039¢-06 3.02 6.4029326291e-07 4.03 9.7645179146e-07 4.02
70/2% ho /24 5.1338358092¢e-07 3.01 6.2747015866e-07 3.00 3.9831928910e-08 4.01 6.0803199465¢-08 4.01

k=r=2

T b lu—=urplz22) EOC ||v —vrpllp2(zey EOC |lu = urpllpeo(r2) EOC |[v — vrpl Lo (z2) EOC

70/2° ho /20 5.4568232110e-04 — 4.7831874231e-04 — 4.3042613140e-04 — 6.1497828029e-04 —

T0/2% ho /2! 6.8748757804e-05 2.99 5.2596282338e-05 3.18 7.6944178401e-05 2.48 9.9985648321e-05 2.62
70/22 ho /22 9.2647645044e-06 2.89 7.0737321746e-06 2.89 1.2948270810e-05 2.57 1.6227622934e-05 2.62
70/2% ho /22 1.1623900524e-06 2.99 9.0027150466e-07 2.97 1.6899479588e-06 2.94 2.0259945045e-06 3.00
T0/2% ho /2% 1.4429510473e-07 3.01 1.1253393808e-07 3.00 2.1124349485¢-07 3.00 2.5324931306e-07 3.00

k=r=3

Appendix A. Proof of Lemma 4.3.
To keep this work self-contained, we present the proof of Lemma 4.3.
Proof. Let U, ;, € Y¥(H'E) be the solution of Problem 3.8 and I, 11, U € Y*(H%) its

approximation in Y* (H ig) by combined interpolation and projection. Under the regularity
assumption (4.1), there holds for the solution U € H,(R; D(A)) of Problem 2.4 that

(0:Moy+ M, + A)U(t) = F(t), fort € [0,T7],
such that, forn € {1,..., N},
Qn[(atMO + Ml + Ah)U7V‘I’,h]I/ + Qn[JG(U7 V'r,h) + J’y(Uv V'r,h)]u

(A.1)
+ (Mo[U]n—1, VY = QulLILF, V.,

forall V., € YF(H (;Lg). In (A.1), Aj, is the natural extension of Definition 3.6 to D(A) with
(grady, y,vn) == (grady y, va) Yy € H}(Q),Vvy, € (Y7)?,

<divdg zvyh> = <divz7yh> - Z <Z * N, yh>ea Vz € D(le) ,V’Uh S th7

eGSS
Yy € Hy ()%,
Yoy, € (Y7 )24 n L2(Q)dxd

sym

(Gradqg ¥, vp) = (Grado y, vp) ,

Vz € D(Div) N L2()2x¢

Divg, 2z, := (Div z, - ZMe,Yn)e, e
< dg yh> < yh> Z < yh> Yy, € (Y{)d .

eESf
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For (A.1), we note that by (3.29) and (3.32), there holds for V', € Hﬁg that
<AhU, Vh,> + Ja(U, Vh)
= —(Divgg U2, V) — (Gradg, UD, V)
+ (divag UD, V) 1 (grad,, UG, VD)

- Z <U(2) ‘N, V7—(,1h)>e + Z <U(4) * N, V7—(7?;L)>e

ec€? ec€p
= —(DivU% V1Y) — (Grad, UV, V?))

+ (divUD, V3 1 (grad, U®, V)
= (AU, V).

Further, we have that J,(U,V ;) = 0 for U € D(A). Under the assumption (4.1),
[Uln-1 = 0is satisfied. The identity Q,,[F,V ;3] = Q[ 11, F, V ;] follows from (3.4),
(3.7), and (3.13). Subtracting now (3.31) from (A.1) yields, with the splitting (4.3), the error
equation

Qn[(atMO + Ml + Ah)ET,h7 V‘r,h]u + Qn[JE)(ET,ha V‘r,h) + J’Y(E’T,h7 V‘r,h)]u
+ <MO[[ET,}L]]’I’L717 Vj—:)}zl_1>

= 7Qn[(atMO + Ml + Ah)Zv V‘r,h]u - Qn[Ja(Z» V‘r,h)

(A2)

+J(Z,Vin)ly — (Mo[Z] -1, Vi’;;kl%
forall V), € YTk(Hzg) andn =1,..., N. Choosing V. ;, = E, ;, and recalling that
(A.3) (AnE:p, Erp) + Jo(Erp, Erp) =0,
by the arguments of (3.39), we get that
Qu[(0:Mo + M1)E; 1, E; 1],
+ QulJy(Ern, Erp)ly <MO[[ET,h]]n717E::}}:l_1>

= 7Qn[(atMO + Ml + Ah)Zv ET,h]l/ - Qn[Ja(Za E‘r,h)
+J(Z,Erp)] — <M0[[Z]]n_1,E;v,j—1> = B

(A4)

forn=1,...N and EJr mel o ET i (th—1) by the definition in (3.3).
By [34 Lemma 3. 5] for the left-hand side of (A.4), there holds that

Qnl(0:Mo+ M1)E; 1, E; 1],
+ QulJy(Ern, Erp)ly <Mo[[Er,hﬂn—1,Ej7}:hl>

72',1/,n + |J’Y(E7'7h’ E7'7h)|72',u,n

Z ET,}
AS5) YNE+n
1

+ 9 [<MOE;h(tn)v E;,h,(tn» O _<M0E;h(tn—1)a E;h(tn—l»

<MO[[ET ]]n 1 [[E'r,h]]n71>:|a
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forn = 1,..., N, where E;h(to) = Uy — Uy,. Multiplying (A.5) with the weight
e~ 2¥tn-1_combining this with (A.4), summing up the resulting equation, and neglecting the

positive jump terms yield that

(MoE_,(tn), B, (tn)) e 2T 9| Benll?, + |1y (Brn, Br)I2

(A.6) N
< C((MoE;,(to), By (to)) + > e 1 7).
n=1

To bound E7* in (A.6), we need auxiliary results. Recalling the exactness of the quadrature
formula (3.4) for all w € Py (I,;R), along with (3.1), and using integration by part, we get
that

Qn[atMOITHhU; ET,h]u = <8tMOITHhU7 Er,h>u7n

tn
= (e72~t)) MU, E, )1 — (Mo 1ILU,0,E7 p)un

tn—1

=0 — Qu[MoLILU,0,E ), = a— Qu[MoLF LU, 0,E. 1),

=a— (MM LU, 0,E- ) un

~ ~ tn
= a+ (0, Mo F LU, B, p)ym — (72U t=0) M TFLU, B, ) i

n—1

=:b

=a—-b+ Qn[atMOE,—kJrthUv ET,h]y .

From this, along with the definition of I, and ka+1 in (3.7) and (3.9), respectively, we
conclude that

(A7) Qo Mol TLU, Erply + (Mo[LTWU L1, B e
= Q” [atMO‘/[\'rk+1HhU7 E'r,h]u .

By the inequalities of Cauchy—Schwarz and Cauchy—Young, there holds that
(AS) |J8(Z7ET,h)| SCJS(Z7Z)+BJ’Y(ET,h7ET,h)7

for any 8 > 0; cf. (3.33) and (4.9). Then, for the errors E* in (A.6), defined by (A.4), we
obtain by (A.7) and (A.8) and the inequalities of Cauchy—Schwarz and Cauchy—Young that

N
S gy
n=1

<c(jaMo - T IU)|2,

A9
4.9 + M Z|2, + | AnZ

72',1/ + |J(Z91(Z7Z) 72-,1/ + |‘]’Y(Z7 Z) 72',11
+ _ + 2 —2uty 1
+T11§1}1a§xN{||M0(HhU (tai) — LILU* (t_1) || })

+ B ErnlZy + Bl Ty (B, vz,
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for any (31, B2 > 0. Finally, combining (A.6) with (A.9) and choosing 3; and 3, sufficiently
small, proves the assertion (4.8). 0

Appendix B. Proof of Lemma 4.4.

To keep this work self-contained, we present the proof of Lemma 4.4.

Proof. Using an idea of [2, Corollary 2.1], for E, € Y*(H ‘;lg), we define the local
interpolant

Tn
t— tn—l

T

E,,:=1"®, with &:= E,,, fortel,,n=1,...,N,

where the local Lagrange interpolation operator I : C(I,;B) — Pp(l,;B), for
n € {1,..., N}, satisfies

I:Lf(tnylt):f(tn,,u)7 fOI',U,:O,...,k7

for the quadrature nodes t,, , € I, for u = 0, ..., k, of the (non-weighted) Gauss—Radau
formula on I,,. Then, there holds that

2
~ ~ T
(MoE; h(tn ), Erp(tn ) i = ——2— (Mo E 1 (tnu), Brn(tn))
(B.1) (tnge = tn—1)
> (MoE; (tny) Ern(tnu)) -

By [34, Lemma 3.10], based on [2, Lemma 2.1], along with (B.1), we obtain that

S =+
Qn[atMOET,h7 2E77h]u + <M0E7—th(tn—1)a 2E7—7h(tn—1)>H
(B.2) 1 R R 1
2 7QTL[M0ET,}L7 ET,h]u Z ?QTL[MOETJM E‘r,h]v .

Tn

By the norm equivalence

SL[lp] lw(t))] < CellwllLroaymry,  for we Pg([0,1;R),
tef0,t

along with the transformation of [t,,—1, ¢, ] to [0, 1], we have that

Ce VT,
sup <M0ET,h(t)) E'r,h(t»H < — 62 " Qn[MOET,hv E'r,h]u

tel,, T

(B.3)
C
S 7QH[M0ET,hET,h]V7

n

with C' := C, e*T > max,,—1,._n{e* ™ }C.. Further, by (3.30) and (3.32) we have that

Q’ﬂ[AhET,hM ZET,h]lI + Qn[JB(ET,ha ZET,h)]V

27,

k
(B4) = ? Z@Hﬁ((AhE'r,h(tn,u)aET,h(tn,H»H
n, W n—1

+ Jo(Br(tap): Brilt)) = 0.
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Combining (B.3) with (B.2) and then using (B.4), it follows that

Sup (MoE;,(t), E;p(t)u
tel,

< C(Qn[atMO + Ml + Ah)ET,}u ZET,h]V + Qn[Ja(ET,ha ZET,h)

s ~+
-3 + 1o (B 2B 7))y + (Mol Brln-1,2B 7, (bo-1))n
- Qn[MlET,hv 2E'r,h}u - Qn[J'y(ET,hv ZET,h)L/

7 ot
+ (MoE_ ), (tn-1), QET,h(tn—1)>H> -

Using the error equation (A.2) with test function V', j, = ZET, n» we deduce from (B.5) that

sup (MoE:y(t), E-n(t)H
tel,,

< O = QuloMo + M1 + A Z,2B 4], — QulJo(2,2B 1)

-~ ~+
(B.6) + J(Z,2E- 1))y — (Mo[Z]n-1,2E ), (ta—1))H
~ Qu[M1E;1,2E; 1), — QulJo(Erp, 2E 1)),
_ ~+
+ (MoE; ,(tn 1), 2B (b 1) e ) -

Next, we bound the right-hand side in (B.6). For this, we use the boundedness of M

~

+
and that (Mo Z ™ (t,—1), E ;,(tn—1))m = 0 by the definition of Z in (4.3) and I, in (3.7).
Further, by the non-negativity and selfadjointness of M, there holds for u, v € H that

(Mou,v)g = (M(lJ/Qu7 Mé/2v>H < (Mé/zw Mé/2u>H<M(1)/2v, Méﬂv)H .
Similarly to (A.9), we then get from (B.6) that

squ <M0E.,-7h(t), E.,-’h(t»H
tely,

< C(laMo(U ~ TFIU) 2, + 1M ZI2,,,, + AL 22

T,V,n T,V,n T,V,n

©) + I3 (Z, D)lrsvn +1I0(Z, B) rim + |MoZ* (1))

+ o (MoE; (ta-1), By (b)) a1 + a2 | MO P | Brn2
+ Iy (Ery B ) rm + B @2MOEL (b 1), 2B (tn 1)) &
+ 52Qn[2ET,h7 2E7,h}u + 53Qn[J»y(2ET,h, QET,h)]u )
with some constants o, 5; > 0, fori = 1,2, 3. In (B.7), the term
Gn(Erp) = a1(MoEL ,(tn-1), 7, (tn-1)) 1 + o[ ML Ernl2 0

+ 043‘J7(E7,h7 ET,h)'T,V,n
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is bounded by means of (4.8), which still holds if E;h(tN) is replaced by E;h(tn), for
n =1,..., N — 1. Further, noting that (cf. [51, Corollary 1.5])

Tn Tn

< < -, for ne{1,...,N},
tn,u - tnfl tn,O - tnfl 0 { }

for some § > 0 depending on v and T only, we have that

- 1
(B.8a) QnlBrn Brply < 5 Brpl7om
P 1
(B.Sb) Qn[J’y(ET,h?ET,h)]V S 572|J’Y(ET,h?ET,h)|72',V,TL’
~t ~+ 1
(B.8¢) (MoE, ;(tn—1), E, ,(tn—1))a < 5 sup (MoE,(t), E-p(t))u -

6% tel,

Finally, combining (B.7) for a sufficiently small choice of 3; to 85 with (B.8) and using (4.8)
proves the assertion (4.10). 0
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