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A POSTERIORI ANALYSIS OF DISCONTINUOUS GALERKIN
SCHEMES FOR SYSTEMS OF HYPERBOLIC
CONSERVATION LAWS*

JAN GIESSELMANNT, CHARALAMBOS MAKRIDAKIS*, AND TRISTAN PRYERS$

Abstract. In this work we construct reliable a posteriori estimates for some semi- (spatially)
discrete discontinuous Galerkin schemes applied to nonlinear systems of hyperbolic conservation laws.
We make use of appropriate reconstructions of the discrete solution together with the relative entropy
stability framework, which leads to error control in the case of smooth solutions. The methodology
we use is quite general and allows for a posteriori control of discontinuous Galerkin schemes with
standard flux choices which appear in the approximation of conservation laws. In addition to the
analysis, we conduct some numerical benchmarking to test the robustness of the resultant estimator.
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1. Introduction. Hyperbolic conservation laws play an important role in many
physical and engineering applications. One example is the description of nonviscous
compressible flows by the Euler equations. Hyperbolic conservation laws in general
only have smooth solutions up to some finite time even for smooth initial data. This
makes their analysis and the construction of reliable numerical schemes challenging.
The development of discontinuities poses significant challenges to their numerical sim-
ulation. Several successful schemes have been developed so far and are mainly based
on finite differences, finite volume, and discontinuous Galerkin (dG) finite element
schemes. For an overview on these schemes we refer to [GR96, Kr697, LeV02, Coc03,
HWO08] and their references. In this work we are interested in a posteriori error control
of hyperbolic systems while solutions are still smooth. Our main tools are appropriate
reconstructions of the dG schemes considered and relative entropy estimates.

The first systematic a posteriori analysis for numerical approximations of scalar
conservation laws accompanied with corresponding adaptive algorithms can be traced
back to [KO00, GMO00]; see also [Coc03, DMOO07] and their references. These estimates
were derived by employing Kruzkov’s estimates. A posteriori results for systems were
derived in [Laf08, Laf04] for front tracking and Glimm’s schemes; see also [KLY10].
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For recent a posteriori analysis for well-balanced schemes for a damped semilinear
wave equation we refer to [AG13].

We aim at providing a rigorous a posteriori error estimate for semidiscrete dG
schemes applied to systems of hyperbolic conservation laws which are of optimal order.
The extension of these results to fully discrete schemes is an important point which
requires new ideas and is the subject of ongoing work. Our analysis is based on
an extension of the reconstruction technique, developed mainly for discretizations of
parabolic problems (see [Mak07] and references therein) to space discretizations in
the hyperbolic setting. The main idea of the reconstruction technique is to introduce
an intermediate function, which we will denote @, which solves a perturbed partial
differential equation (PDE). This perturbed PDE is constructed in such a way that
this u is sufficiently close to both the approximate solution, denoted uy,, and the exact
solution to the conservation law, denoted u. Then, typically

(L.1) [l — unll < flu = ull + o = ual,

where || — up|| can be controlled explicitly and ||u — @] is estimated using pertur-
bation stability techniques. For systems of hyperbolic conservation laws admitting a
convex entropy the relative entropy technique, introduced in [Daf79, DiP79], provides
a natural stability framework in the case where one of the two functions involved in
the analysis is a Lipschitz solution of the conservation law. This technique is based
on the fact that usually systems of hyperbolic conservation laws are endowed with
an entropy/entropy flux pair. For conservation laws describing physical systems this
notion of entropy follows from the physical one. The entropy/entropy flux pair gives
rise to an admissibility condition for weak solutions (cf. Definition 2.1), which leads
to the notion of entropy solutions. It can also be used to define the notion of relative
entropy between two solutions. In the case of a convex entropy the relative entropy
can be used to control the Ly distance. It can be used to obtain a stability result
(Theorem 2.7), which implies uniqueness of Lipschitz solutions in the class of entropy
solutions. One drawback of this stability framework is that a Gronwall type argu-
ment has to be employed such that the error estimate depends exponentially on time.
There are two features of the relative entropy framework which need to be taken into
account when constructing the reconstruction u. If the relative entropy is to be used
to compare u,u, one of the two needs to be Lipschitz. As u may be discontinuous,
u needs to be Lipschitz. Second, the relative entropy is an Lo framework; thus, the
residuals in the perturbed equation satisfied by @ need to be in Lo.

Relative entropy techniques for the a priori error analysis of approximations of
systems of conservation laws were first used in [AMTO04]. For other works concerning
analysis of schemes for systems of conservation laws see, e.g., [JR05, JR06]. For dis-
continuous Galerkin/Runge-Kutta (dGRK) schemes a priori estimates can be found
in [ZS04, ZS06, ZS10]. In [HHO2] the authors use a goal-oriented framework providing
error indicators for a space-time dG scheme. These indicators are computable, pro-
vided that certain dual problems are well posed. Asymptotic nodal superconvergence
is investigated in a series of papers; see [BA11] and references therein. In [DMOO07]
the authors provide an a posteriori estimate for the Ly error of dGRK schemes ap-
proximating a scalar conservation law; see also [Ohl09] for an overview of a posteriori
error analysis for hyperbolic conservation laws.

The novelty of this work is that it provides a posteriori estimates for some dG
schemes for nonlinear systems of conservation laws. Notice we do not assume anything
on the exact solution apart from the fact that it takes values on a compact set known
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a priori. That said, the final estimate is conditional, i.e., holds under assumptions on
the approximation and its reconstruction (see [MN06, Mak07]), which can be verified
a posteriori. It must be noted, however, that our estimates are only robust before
the formation of shocks, in the case where the entropy solution is discontinuous, our
error estimator does not converge to zero if the meshwidth goes to zero. This is
explained in detail in Remark 5.7 and is an expected direct consequence of the fact
that in the relative entropy framework the Lipschitz constant of one of the solutions,
which are compared to each other, enters the error estimate. The extension of our
approach to the case of nonsmooth solutions is a very challenging problem which
is currently under investigation. The need of introducing reconstruction operators
imposes some restrictions on the permitted discrete fluxes used in the dG method.
The schemes falling under our framework include (but are not limited to) Godunov
schemes; see Remark 3.1 for further details. We present our analysis in the one-
dimensional case with periodic boundary conditions. An extension of our results to
several space dimensions would require a generalized reconstruction technique while
the other arguments would be analogous.

The remainder of this paper is organized as follows. In section 2 we give some
background on hyperbolic conservation laws and their stability via the relative entropy
method. In section 3 we describe the numerical schemes under consideration. In
section 4 we provide some background on reconstruction methods and we discuss the
reconstruction procedure which we employ here and study its properties. In section
5 we combine the reconstruction and the relative entropy methodology to derive an a
posteriori error estimate. In section 7 we show some numerical experiments employing
the estimates derived in section 5, studying their asymptotic properties. Finally, in
section 8 we conclude.

2. Preliminaries, conservation laws, and relative entropy. In this sec-
tion we formalize our notation, introduce the model problem, and detail the relative
entropy stability framework.

Given the standard Lebesgue space notation [Cia02, Eva98] we begin by intro-
ducing the Sobolev spaces. Let 2 C R; then

(2.1) WEQ) == {¢ € L,(Q) : DY € L,(Q) for |a| <k},
P P p
which are equipped with norms and seminorms
fe P l/p :
(2:2) [ullwe o) = {(ZO‘K’“ I u”Lp(Q)) if p € [1,00),
! > lal<k HDO‘U”LOO(Q) if p = oo,
— |k
(23) ilws o) = HD e, @)

respectively, where derivatives D are understood in a weak sense.

We use the convention that when derivatives act on a vector valued multivariate
function, u=(uy,...,uq)T, it is meant componentwise, that is, d,u=(9,u1, ..., dzuq)’
denotes a column vector. The derivative of a field, ¢, say, with respect to the dependent
variable is denoted Dg = (0y, q(u), ..., dy,q(u)) which is a row vector. The matrix of
second derivatives of ¢ is

8u1,u1q(u)? A 7au1,udq(u)
(2.4) D?q(u) := oo
Ougun ()., Ouyugq(ur)
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For a vector field f, we denote its Jacobian by Df which is also a d X d matrix and
its Hessian as D?f which is given as a 3-tensor. We also make use of the following
notation for time dependent Sobolev (Bochner) spaces:

(2.5) Loo(0, T; Wh(Q)) = {u: 0,7] — Wr(Q) : tes[%%] lu(®) |y () < oo} .

Let U C R? convex be the state space. We consider the following first order
(system of) conservation laws:

(2.6) Opu(x,t) + 0.f(u(z,t)) =0 for (x,t) € (0,1) x (0, 00).
We complement (2.6) with the initial and boundary conditions
(2.7) u(0,t) =u(l,t) for t € (0,00) and u(z,0)=ug(z) for x € (0,1)

for some function ug € Lo ((0,1),U). The solution, which in general is only in
Lo ((0,1) % (0,00),U), takes values in the state space and we assume the flux function
f:U — R? is at least C*(U).

In particular, in our estimates, the assumed regularity will depend on the poly-
nomial degree of the employed dG method. Throughout this paper we will assume
that there is an entropy/entropy flux pair (1, ¢) with n € C?(U,R) strictly convex and
q € C'(U,R) associated to (2.6) in such a way that

(2.8) Dq = DnDf.
The existence of an entropy flux implies that
(2.9) (Df)TD?n = D?nDf.

It is readily verifiable that strong solutions of (2.6) satisfy the additional conservation
law

(2.10) drn(u) + dzq(u) = 0.

For general background on hyperbolic conservation laws the reader is referred to
[Daf10, LeF02]. Note that not every system of hyperbolic conservation laws admits
a convex entropy/entropy flux pair (see [Dafl0, sect. 5.4]), even if it is physically
meaningful. The derivation of a posteriori error estimates for systems of hyperbolic
conservation laws admitting only poly or quasi-convex entropies is beyond the scope
of this work. It is common that solutions of (2.6) develop discontinuities after finite
time. This motivates developing a notion of weak solution. As weak solutions, which
satisfy the equation in the distributional sense, are not unique, attention is restricted
to so-called entropy solutions u € Lo ((0,1) x (0,00),U). The concept of entropy
solution guarantees uniqueness of solutions for scalar problems and can be interpreted
as enforcing that solutions are compatible with the second law of thermodynamics.
However, it is important to note that entropy solutions need not be unique for systems
of conservation laws in multiple space dimensions even if these are endowed with a
convex entropy [DLS10]. In this context it should be noted that the relative entropy
technique (see Lemma 2.7) guarantees uniqueness for entropy solutions if and only if
they are Lipschitz.
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DEFINITION 2.1 (entropy solution). A function u € Lo ((0,1) x [0,00),U) is
said to be an entropy solution of the initial boundary value problem (2.6)—(2.7), with
associated entropy/entropy flux pair (n,q), if

(2.11)

00 1 1

/ /u-@td)—kf(u)-@wd)dxdt—k/ Uo-b(0)dz =0 Ve CX(S" x [0, 00), RY)
0 0 0

and

2 12
1
/ / u)0;d+q(u)d, ¢ dx dt—|—/ n(up)e(-,0)dz >0 Vo € C’SO(SlX[O, 00), [0, 00)).
0

Here S* (the 1-sphere) refers to the unit interval [0, 1] with matching endpoints.

Remark 2.2 (scalar case). In the scalar case entropy solutions are required to
satisfy (2.12) for every convex entropy/entropy flux pair.

For u € L((0,1) x (0,00),U) the distribution 9;n(u) + d,q(u) has a sign and
therefore is a measure, i.e., we may replace the smooth test functions in Definition
2.1 by Lipschitz continuous ones. Stability of solutions and in particular uniqueness
of Lipschitz solutions within the class of entropy solutions is obtained via relative
entropy arguments; see [Dafl0, Chap. 5] and references therein.

DEFINITION 2.3 (relative entropy and entropy flux). We define the relative
entropy, n(u|v), and relative entropy flux, q(u|v), of two generic vector valued func-
tions v and w with values in U to be

n(v|w) :=n(v) —n(w) — Dn(w)(v —w),
q(v|w) = q(v) — g(w) — Dnp(w)(f(v) — f(w)).
Note that n(v|w) and q(v|w) are not symmetric in v, w.

Assumption 2.4 (values in a compact set). We will assume throughout the paper
that the exact solution u of (2.6) takes values in O, i.e.,

u(z,t) €O VY (z,t) € (0,1) x (0,00),

(2.13)

where O be a compact and convex subset of U.

Remark 2.5 (bounds on flux and entropy). Due to the regularity of f and 1 and
the compactness of O there are constants 0 < Cf < oo and 0 < C,, < C < oo such
that B

(2.14) [vTD*f(u)v| < C;|v|?, Cﬂ|v|2 <vTD*p(u)v < Crlv]> VveRLue 9,

where || is the Euclidean norm for vectors. Note that Cf, C,;, and Cy;, can be explicitly
computed from O, f, and 7.

LEMMA 2.6 (Gronwall inequality). Given T > 0, let ¢(t) € C°([0,T]) and
a(t),b(t) € L1([0,T)) all be nonnegative functions with b nondecreasing and satisfying

(2.15) o(t) < / a(s)p(s)ds + b(t).
0
Then

(2.16) o(t) < b(t)exp (/0 a(s) ds) Vtel0,T].
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As we will make use of a similar argument to derive our resultant a posteriori
error estimate we give the proof of the following stability result, which can be found
in [Daf10].

LEMMA 2.7 (Lo stability [Dafl0]). Let u be an entropy solution of (2.6)—(2.7)
corresponding to initial data ug and v a Lipschitz solution of (2.6)—~(2.7) corresponding
to initial data vg. Let u and v take values in O. Then there exist constants C1,Cy > 0
such that

(2.17) u(-t) =v(, ), ) < Crexp(Cat) [ug — volly, 5

Note that Co depends on the Lipschitz constant of v.
Proof. Note that v satisfies (2.12) as an equality. Thus, for any Lipschitz contin-
uous, nonnegative test function ¢ we have

(2.18)
/ / Drd(n() — n(v)) + Duc(a(w) — q(v)) dadt + / 6(-,0) (n(t0) — n(vo)) da.

Using the definition of relative entropy and relative entropy flux, we may reformulate
this as

(2.19)
/ / 91 (n(u|v) + Dy(v) (u — v)) + 26 (q(u | v) + Dry(v) (F(u) — F(v))) dzrdt

/ e ~ (vo)) da.

Upon using the Lipschitz continuous test function ¢ = ¢Dn(v) in (2.11) for u and v,
we obtain

/ / O(SDn(v)) (u — v) + B, ($Dn(w)) (F(u) — F(v)) der dlt
(2.20)

/ ¢ D’I] ))(UO — Vo) dz.
We use the product rule in (2.20) and combine it with (2.19) to obtain
(2.21)
e} 1
o< [ [ aonwlv) + 00wl dsdi
o Jo

') 1
- / / H(OVDPn(v) (u — v) + VD2 (v) (F(u / 6(-, 0)n(uo | vo) da
0 0

Using 0yv = —DFf(v)0,v and (2.9) we find
(2.22)
oS 1
o< [ [ awnwlv) +asaulvded
o Jo

- /OO/ (b(@sz?n(v)(f(u) —f(v) — Df(v)(u—v) / (-, 0)n(up | vo) dx
o Jo
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Now we fix ¢ > 0. Then for every 0 < s < t and € > 0 we consider the test function

1 1 o <s,
(2.23) d(r,0) =4 11— 1 s<o<s+te,
0 T o> s+e.

In this case we infer from (2.22)

(2.24)
1 s+e 1

OS——/ / n(u|v)dxdt
€Js 0

— /OO/ (9, vD*n(v) (F(u) — f(v) — DF(v)(u — v))) dz dt+/ 7(up | vo) dz.
o Jo 0

When sending ¢ — 0 we find for all points s of Lo,-weak-*-continuity of n(u(-, o)) in
(0,) that

Upon using (2.14) we infer that for almost all s € (0, 1)

Cy lluy8) = v )T, < Crlluo = vollt,
(2.26) s )
+ GGy g |V('70)|W1,x(1) u(-,0) — V('aU)HLz([) do.

This equation, in fact, holds for all s € (0,t) as u is weakly lower semicontinuous.
Since v is Lipschitz continuous, applying Gronwall’s lemma completes the proof. d

3. The semidiscrete scheme. In this section we introduce the class of semi-
discrete problem which we consider in this contribution.

We will discretize (2.6) in space using consistent dG finite element methods. Let
I :=[0,1] be the unit interval and choose 0 = 2y < 1 < --- < xy = 1. We denote
I, = [z, Zn41] to be the nth subinterval and let h,, := x,41 — @, be its size. Let
PP(I) be the space of polynomials of degree less than or equal to p on I; then we
denote

(1) V,:={g:I—-R": g, eP’(I,) fori=1,...,d, n=0,...,N —1},
where g = (g1,...,94)7, to be the usual space of piecewise pth degree polynomials

for vector valued functions over I. In addition we define jump and average operators
such that

. [e]. = g(z,) — (@) := lim g(an —s) — lim g(an +5),
T feheo= g (el telh) = g (lmea - )+ lmgle +5)
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We will examine the following class of semidiscrete numerical schemes [GR96, Kr97,
HWO08], where uj, € C*([0,T),V,) is determined such that

N—
0=2
n:N

+

1

/ (Orup - @ + 0,f(up,) - @) do
07 1In

—1

(F

=0

(3.3)

D

In what follows we will assume that (3.3) has a solution and in particular that uy,
takes values in U. We also set

(un(z, ) un(@)) - [8], — [f(un) - @],,) VeV,

(zg) +un(zy)
2

(3.4) [unly = wn(ay) —wn(e): o= 20

to account for the periodic boundary conditions. Here F : U? C R?? — R? is a
numerical flux function. We restrict our attention to a certain class of numerical flux
functions. We impose that there exists a function

(3.5) w: U x U — U such that F(u,v) = f(w(u,v))
and that there exists a constant L > 0 such that w satisfies
(3.6) lw(u,v) —u| < L|u—v|, lw(u,v) —v| < Lju—v| Vuvel.

Remark 3.1 (restriction of fluxes). The reason for the restriction on the choice
of fluxes will be made apparent later. Our assumptions are met by Godunov schemes
employing exact Riemann solvers. For approximate Riemann solvers there are two
classes [LeV02, sect. 12.3]. Our assumption is generally satisfied for the class in which
the numerical flux is computed by evaluating the exact flux on some intermediate
state extracted from an approximate Riemann solution. For the second class, which
encompasses, e.g., the Roe scheme, the situation is more involved.

Let us look at some numerical fluxes in special cases. In the case of the inviscid
Burgers’ equation, i.e., f(u) = “2—2, our condition is not satisfied for the local and
global Lax—Friedrichs scheme. For the local Lax—Friedrichs scheme the numerical flux
reads

(3.7) F(a,b) = %(az+b2)+max(|a|,|b|)(a—b),

which is negative for ¢ = 0 and b > 0. Therefore there can be no w € U satisfying
f(w) = F(0,b). The argument for the global Lax-Friedrichs scheme is analogous.

For the inviscid Burgers’ equation both the Roe and the Engquist—Osher flux
satisfy our condition, with

1/2
(3.8) wgo(a,b) = (%cﬁ(l +sgn(a)) + %b2(1 - sgn(b)))

and

1/2
(3.9 wnee(asb) = <%a2(1 +san(a+b)) + %bQ(l —sgn(a+b))) .
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The situation is far more complicated for nonlinear systems. In fact, for the p-system
which is given by

Oyu — Oyv = 0,
O — Opp(u) =0
for some function p with p’ > 0, the question whether the Roe scheme fits into our
framework hinges on whether p is surjective.

4. Reconstruction and projection operators. To analyze the scheme (3.3)
we introduce reconstructions which we denote by u and f. For brevity we will omit
the time dependency of all quantities in this section.

DEFINITION 4.1 (reconstruction of uy). The reconstruction u is the unique ele-
ment of V1 such that

N-1 N-1
(4.1) ;/Inﬁ-d)dx:;/lnuh-¢>dx VeV,
and
(4.2) (o) = wlun(z; ), un (@) and
(4.3) U(z, 1) = w(up(z, ) un(z,,)) Vnelo,N -1
+ +

recalling that up(zy ) == up(zy) and up(zy) = up(ayg).
DEFINITION 4.2 (recounstruction of f(uy,)). The reconstruction f is the unique
element of V,,,1 such that

N—-1 . N—-1
Z/ Duf - pdx = Z/ 0.f(uy) - pdx
n=0 In n=0 I,

N-1
(4.4) + ) (Fw(un(zy),un(2) - [¢], — [Fun) - ¢l,) VoeV,
n=0

coupled with the skeletal “boundary” conditions that

(4.5) f(zh) = f(w(up(z)),un(zh)) Vnelo,N—1].

n

LEMMA 4.3 (continuity and orthogonality). The reconstructions u and f given in
Definitions 4.1, and 4.2, respectively, are continuous and f satisfies the orthogonality
property

N—-1 .
(4.6) Z/ (F—f(up) - pdz=0 VopeV,..
n=0"1In

Proof. The continuity of u follows from (4.2)-(4.3). To prove the continuity of
f we choose ¢ as the ith unit vector on I,, and zero elsewhere. Then, upon letting
f= (fl, e fd)T and f = (f1,..., fa)T we obtain from (4.4)

(4.7)

~

(@) = Fil@d) = filun(ang) = filun(@)) = filw(un(ay), un ()
+ fiw(un (@, ), un (@) + filun (@) = filun(2,4)-
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This implies
(4.8) Filwn ) = filw(up(a, ), un(@fy,))

due to (4.5). This shows the continuity of f. Using integration by parts in (4.4) we

have that the boundary terms cancel due to our choice of ?(xf{ ) and (4.8). Hence, we
find

N—-1 N N—-1
(4.9) nz_o/lnf-aquda::;/jnf(uh)ﬁrqbda: Vo eV,

concluding the proof. |
DEFINITION 4.4 (Lg projection). We define P, : [Lo(D)]* — V, to be the Lo
orthogonal projection to V,, that is,

(4.10) /I¢-¢>dx:/I”Pp1/;-qbdx VeV,

If ¢ € WEIL(I) the operator is well known [Cia02] to satisfy the following estimate in
Loo:

(4.11) 1% = Polln ) < Cohb™ [Plyess  ¥n=0,...,N -1

Remark 4.5 (restriction of fluxes revisited). The assumption on the numerical
flux functions (3.5) is posed such that we can choose our reconstructions u,f such

that ?(xn) = f(u(x,,)) for all n. This is needed for the proof of Lemma 6.2 and it will
be elaborated upon in Remark 6.3.

5. A posteriori control based on computation of local reconstructions.
In this section we make use of the reconstruction operators from section 4 to construct
a posteriori bounds for the generic numerical scheme (3.3). This allows us, using the
relative entropy stability framework, to state a fully computable a posteriori bound.

Using these reconstructions u (given in Definition 4.1) and f (given in Definition
4.2) we can rewrite our scheme as

N—-1 N—-1
(5.1) 0:2/ ﬁtuh-d)dx—i—Z/ O.f-pdz VeV,
n=0 In n=0 In

Since we have that d;uy and aﬁ are piecewise polynomials of degree p we may write
(5.1) as a pointwise equation

(5.2) D + 0,F(U) = 0,F() — 0,f + 9,4 — dyuy, = R.

Using the relative entropy technique we obtain the following preliminary error esti-
mate.

LEMMA 5.1 (error bound for the reconstruction). Let u be the entropy solution
of (2.6), (2.7); then the difference between u and the reconstruction U satisfies

(5.3)
~ 2 ~ 12 2
Cy Ju(-,s) —u(, 8)||L2(I) < Cyllug — UOHL2(I) + HRHL2(I><(O,S))

(O s+ C3) [ ute.o) =) 12, ) do

for every s € (0,00), provided u takes values in O.
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Proof. Since u is Lipschitz continuous, we multiply (5.2) by D7 (u) and find for
any Lipschitz continuous, nonnegative test function ¢

0</ /at(b (U)) + 9-6(q(u) — q(u)) — ¢Dn(u)Rdz dt
/ o, —1(tp)) da.

Using the definition of relative entropy and relative entropy flux, we may reformulate
this as

(5.5)

(5.4)

/ / Ord(n(u | B) + D(@)(u — B)) + e d(q(u | B) + Dn@)(F(u) — F(@)) dz dt

1
- / / oDy(@)R dz dt + / 6(-0) (n(uo) — n(fio)) de.
0 0 0

Using the Lipschitz continuous test function ¢ = ¢Dn(u) in (2.11) and (5.2) we obtain

B /ooo/o 0 (¢Dn(W))(u — ) + 9x(¢Dn(@))(F(u) — (W) — $Dy(U)R dz dt
(5.6)

4 / 6(0)Dn(a(-, 0)) (ug — tip) dr.
0

We use the product rule in (5.6) and combine it with (5.5) to obtain
/ / Oy6m(u | B) + 0, d(u | ) do dt
(5.7) - / / $(ATD> (@) (u — ) + 0,GDn(@)(F(u) — F(@))) de dt

/¢ n(uo | Bo) da

Using the fact that 9;u = —Df(u)d,u + R and (2.9) we find
/ / B(u | 8) + ,dq(u|B) dz dt
(5.8) - / / H(0,GDn(G)(F(u) — F(@) — DF(@)(u — 1))

/ /¢ )T D2 (i )Rdxdt+/ 6(-, 0)n(uo | To) da

Now we fix t > 0; then for every 0 < s < t and € > 0 we consider the test function
¢(z,0) given in (2.23). In this case we infer from (2.22)

' s+e p1 oo rl
o<1 / /O n(u|ﬁ)dxdt—/0 /0 $(0,8D%(G)(F(u) — F(G@)—DF(@)(u — @))) dz dt

[e%e) 1 1
—/ / ¢(u—ﬁ)TD2n(ﬁ)Rdxdt+/ n(ug | o) dz
0 0 0
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When sending € — 0 we find for all points s of Loo-weak-*-continuity of n(u(-, o)) in
(0,t) that

(5.10)
0<— / n(u(z, s)[u(z, s) da:—/ / d,uD?n(u)(f(u) — f(u) — DF(U)(u — 1)) dz dt

/ / 4)"D% (0 )Rdxdt—i—/o n(ug | tp) dz > 0.

Upon using (2.14) and the convexity of O we infer that for almost all s € (0,¢)

(5.11)
Og Ju(-,s) —u(-,s )”L2 (1 = C7 [luo — UOHL2 ot HRHL2 (0,5))

+ (C:Cx [ul 1. + C%)/O |u(-;0) =G, )I7, ) do

This equation, in fact, holds for all s € (0,t) as u is weakly lower semicontinuous. 0O
Remark 5.2 (values of u). Note that the condition that u takes values in O can
be verified in an a posteriori fashion, as U can be explicitly computed.
PROPOSITION 5.3 (Legendre polynomials [AWO05]). Let I, denote the kth Legen-
dre polynomial on (—1,1), and I} its transformation to the interval I, i.e.,

(5.12) 1M(z) =l <2 <$;$”) - 1).
Let o, := 031(1). Then I} has the following properties:
(5.13) (—D* i (a) = G(was1) = 1,
(5.14) (=D, 0,00 () = hnOuli(Tni1) = 20u,
2hy,
1 TL i - ?’Lv
(5.15) [ e e = e, <
(5.16) ()] <1Vaxel,.

LEMMA 5.4 (Legendre representation of u). The reconstruction U given by Defi-
nition 4.1 satisfies the following representation for all x € I,,:

(@~ un) (@) = 3 (17 (wlon (), un ) — war))

wlun () un(00) — n ) )15 0)

1

+§<(—1)P+1( (un(a7,), un(a7y)) — un(z)))

(5.17)

(), ) — ) ) (),

where ly and 1}, | are the rescaled Legendre polynomials from Proposition 5.3. There-
fore,

(5.18) 16— unllf, ) < L2ho (| Tunl,, | + [[unl,p [°)
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and
1
ke k
oo el <l e )
where by, == |lp, o + lp+1ls 00 -
Proof. Letting u = (uy,...,1uq)" and u, = ((up)1,. .., (up)q)" and writing ;|7

and (up)i|r, as linear combinations of Legendre polynomials we see that (4.1) implies
(5.20) (w; — (un)i)(w) = aly(z) + Bly () Yz el,

for real numbers «, 8 depending on 7 and n. Using (5.13) and the boundary conditions
on u (4.2)—(4.3) we obtain

(5:21)  a(=1)P = B(=1)P = Us(ayy) — (un)i(@yy) = wi(un(zy, ), un(@;))) — (un)i(@y)

and

(522) o+ B ="i(w, ) = (un)i(@, 1) = wiun(z, ) un(zyyy) — (Wn)i@, ).

Since

(5.23) G I i A

we obtain (5.17). Equations (5.18) and (5.19) are immediate consequences of (5.17)
upon using (5.13)—(5.16). O

THEOREM 5.5 (a posteriori error bound). Let f € C*(U,R%) satisfy (2.10) and
let u be an entropy solution of (2.6) with periodic boundary conditions. Let u take
values in O. Then for 0 <t < T the error between the numerical solution uy and u
satisfies

() = unCONF 0y < 2180, 8) = un O, 0

_ 2 ~ 12
+2C, ! ( IRIIL, (rx (0,6 T C7 lluo = WollL, 1) )

t CrCe |10, (-, 8 42
X exp (/ 7Cs 110 ( C)HLOQ(I) 7 ds) .
0 n

(5.24)

Proof. Combining Lemmas 2.6 and 5.1 we obtain

Jut ) =G DI, )= O (IRIE, (o) + oo = ol 1))

t CHCs |0, (-, 5 +02
(5.25) X exp (/ 7| (O)||L°°(” 1 ds).
0 n

The triangle inequality and (5.25) imply the assertion of the theorem. d
Remark 5.6 (values of u). The Lo, estimates based on (5.17) can be employed
to verify a posteriori that u takes values in O.
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Remark 5.7 (discontinuous entropy solutions). The estimate in Theorem 5.5 does
not require the entropy solution u to be continuous. However, in case u is discon-
tinuous [|0,u(-, s)|;, ;) is expected to behave like O(h™!). Therefore, the estimator

in (5.24) will (at best) be O(hP™! exp(h™')) which diverges for h — 0. Thus, the
estimator in (5.24) is expected not to converge for h — 0 if the entropy solution is
discontinuous. The same is true for the estimator derived in Theorem 6.5. This is a
consequence of the use of the relative entropy framework and the fact that the entropy
solution does not need to be unique if it is not Lipschitz.

Remark 5.8 (comparison to the scalar case).

1. From Theorem 5.5 it becomes clear that it is desirable for C5/C), to be as small
as possible. While this ratio is prescribed by 7 and O in the systems case,
there is freedom in the choice of 7 in the scalar case. Choosing n(u) = 1u?
implies the optimal ratio C5/C),, = 1.

2. The estimate in Theorem 5.5 blows up after a shock has formed. This is a di-
rect consequence of the fact that (discontinuous) entropy solutions of general
systems of hyperbolic conservation laws are not unique [Dafl0, p. 282]. The
a posteriori estimates in the scalar case [KO00, GM00, DMOO07, Ohl09] allow
for shocks to form. This is because in the scalar case the estimators rely on
the Li-contraction principle, which does not require Lipschitz continuity of
any of the compared solutions and avoids an exponential dependence of the
estimators on time. These estimates and the Lj-contraction principle as such
are a consequence of the fact that there are infinitely many convex entropies
in the scalar case.

3. The estimates in the scalar case are, in general, not optimal before shocks
form. Due to the generality of the Kruzkov stability theory, the a posteriori
estimates based on this can be seen as a worst-case scenario, allowing for
arbitrarily many shocks and not accounting for any preshock regime [GMOO,
Rem. 2].

6. A posteriori control based on the discrete solution. In this section we
use the bound given in Theorem 5.5 to construct a fully computable a posteriori quan-
tity which depends only upon the discrete solution itself in that no reconstructions
ever need to be explicitly computed.

We begin by noting that R can be explicitly computed locally in every cell using
only information from that cell and traces from the adjacent cells. Still we would like
to estimate ||R||i2 by quantities only involving uj,. There are two reasons for doing
this: First we expect the new bound to be computationally cheaper. Second, we will
use this new form to argue why we expect our estimator to be of optimal order.

LEMMA 6.1 (inverse inequality [Cia02, c.f.]). For every k € N there is a constant
Cinv > 0 such that for any interval J C R and any ¢ € PE(.J) the following inequality
is satisfied:

Cim}
(6.1) 1020l 25y < il I8l L2y -

LEMMA 6.2 (a posteriori control on R). Let f € CPT2(U,RY) and satisfy (2.14).
It then holds that

(6.2) IRIIZ, () < 3(Ey + By + Es)
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with

(6.3)

Bri= 3 hal? (|l [ + | Bl ).

Byi= 3 ahal? (| Tonl, [+ (], ) (L el Ploedes] ”‘%“h'LmW) “
e () G o e )

% ‘a£+1—k]:)f(uh)’>2,

N—-1
By =202, L*C2 lup[3yre > B ([Tunl, |* + | [un]ps )
n=0

N—-1

1
+ 16012nvL4OF2 Z h_ (|[[uh]]n}4 + H[uh]]nJrl }4) ’
n=0 """
where b := HlpHWP*'Loc + Hlp+1||WP+1v°°'

Proof. Recalling the definition of R
(6.4) R := 0,0 + 9,f (1) = 9,F(U) — OoF + 04t — Oyup,,
we begin by splitting R into three quantities via the Lo projection of 9,f(u), that is,
(65) R =0, (8~ un) +(0.F(8) — Py (0.(@))) + (P, (:F(@)) — 0,F) = Ri+Ro +Ry,

and bounding each of these individually.
Forming the time derivative of (5.17) we immediately obtain

~ 2 2
(6:6)  IRlIE,r,y = 0@ = w)llE, 1,y < L?ho (| [0, |” + | eund,pr ) -
For the term involving Re we further split the term and evaluate derivatives, giving
pr (arf(a)) - aﬂcf(ﬁ)HLQ(In) < pr (Df(ﬁ)awﬁ) - Pp (Df(uh)awﬁ)||L2(1n)
+ [IDf (up)0zu — DF (W), ully,, 4, )
(6.7) + |Pp (Df (up,)0,u) — Df(”h)aﬂﬂa”Lzun)
< 210:ully, (s, Cf [0 = unlly, 1)

+ || Py (Df (up)d,u) — Df(uh)8$a||L2(1n)

since the Lo projection is stable and satisfies ||77ngL2(Q) < lgll1, () for any g € L2(€).
In addition from (4.11) we have that

(6.8) [P, (DF(ur)d,0) — DF ()0l _ ;< Cph™ [DF(up)0silyyors . -
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By the product rule we have inside I,

p+1
a£+1 (Df(uh)amﬁ) _ Z (p‘]: 1) (8k+1/\) (ap—i-l kDf(uh))
(6.9) k=0

3 (71) @ i)
k=0

as u € V,i1. Using the properties of the derivatives of the reconstruction (5.19) in
(6.9) we have that

hP+1 Haerl (Df(uh U, HL )

<hp+1z(p21) il @,
(6.10) P 1
A GRICH LT

+ Lh2 *by iy (| [unl, |+ [unl,se |) ) Hangl_kDf(uh)HLoo(ln) '

Inserting (6.10) into (6.8) gives

1P, (Df (up,)0,8) — DF(up)d, |, _

(6.11) <G, Z ((P+ 1) (hgﬂ

+ LhP % by (| Tunl,, | + [ Tunl,eq |) )

(In)

IF+ly

o

ceora, )

Therefore, we can infer from (6.7) that

IR21Z, 1,y < 8CeL2ha (| Tunl,, |+ | Tunl, oy |°) 1001l .

2 . p+1 p+1
(6.12) +2Cph”<z< k )(h”+

k=0

i

2
0 b (| Tl |+ [Tl ) 025 DR@ | )> |

Using the fact that

| [ur],, | + | [unl, i |
I

(6.13) [0zully,_s,) <L + 10zunlly, (1,

(6.12) implies the desired estimate for |\R2||i2(1).
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To conclude we will estimate the term containing R3. Note that R € V,,. Using
the definitions of u and f as well as integration by parts we find

/ IR3|? dx—Z/ 0) — 0.f) - Rydz
:Z/I (0.F(@) — 6,F) - Ry d

2
||R3HL2(I)

(6.14) n=0 " "n
= Z/ (02f(u) — Ouf(up)) - Ry du
n=0
—Z )oun (@) - [Rs],, + [F(un) - Rs],,) -
n=0

Now upon integrating by parts, we see that

(6.15) IRs1f ) = — Z / u) — f(up)) - 9,Rs dz.

n=0

Using the orthogonality property (4.1) taking ¢ = Df(Pyuy) we have that
(6.16)

N—-1
IRs[IE,r) < Z/ {(Df(”Pouh)—Df(uh))(ﬁ_uh)
n=0 I

+ Z ( / 1—t)Dﬂf(uh+t(u—uh))dt) (ﬁ—uh)ﬂ}angda:

18]=2 0

< Oinvcf|uh|wl Ha - uh||L2(I) HR3||L2(I)

1/2
+ CinoCf < 5] / lu— dl’) IRsllr,(r

by the inverse inequality (6.1), where DAf is the partial derivative of f specified by
the multiindex (3. Note that |uh|W1 in (6.16) is to be understood as max,—o, .. N—1

lun|r, w1 (r,)- Therefore,

N—-1
~ 1 ~
(6.17) [IRsll1,, (1) < CinoCr ( unlywr ||U—Uh|L2(1)+\/§ h—g/l 0 — uy|* dz
n=0 T vin

In view of the boundedness of the Legendre polynomials and (5.17) this implies

N—-1
IRslly, ) < OmvC?< unlw [ D A L2 (|[unl, |+ [Tunl, s |*)
(6.18) "

N—-1

S (¢ )Y )

n=0

concluding the proof. |
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Remark 6.3 (general numerical fluxes). The assumption on the numerical fluxes
(3.5) was used in the above proof in order to estimate Rs. If we used more general
numerical fluxes we would get additional contributions in the estimate (6.14) which
would not be of optimal order in general. In particular, it is not sufficient for the
numerical fluxes to be consistent and monotone.

LEMMA 6.4 (stability of the reconstruction). Let f € CPT2(U,R?) satisfy (2.10)
and let u be an entropy solution of (2.6) with periodic boundary conditions. Then,
provided U takes values in O, for 0 < t < T the error between the reconstruction u
and u satisfies

_ ) t C5Ce 1050, )|y, 1) + C2
(6.19) [ju(-t) =G, D)7, 1) < Cy ' E(t) exp ( / z, SR
with
t
(6:20) B(0) s= Con(u(,0) [G,0) + [ (B + Ba + Eo),
0

with E; defined as in Lemma 6.2.

Proof. The proof follows by combining Lemmas 5.1 and 6.2. O

THEOREM 6.5 (a posteriori error estimate). Let f € CPT2(U,R?) and u be the
entropy solution of (2.6) with periodic boundary conditions. Let u take values in O.
Then for 0 <t < T the error between the numerical solution uy and u satisfies

t CCs || 0,u(-, 0)|] +C2
luC. 1) = un (o 1)l1E, 1y < Cp () exp ( / =T do
- 1

+ 223 b (JTun (00, + [Tun G 0], ] ) -

(6.21)

where E is defined as in Lemma 6.4.

Proof. The proof follows from Lemmas 5.4 and 6.4. d

Remark 6.6 (optimality of the estimator). Assume that the entropy solution u
and its time derivative O;u are p + 1 times continuously differentiable in space and

(6.22) f[u— uh”Lx(O,T;L2(1)) + [|Opu — 8tuh||Loo(O,T;L2(I)) < Ch"™

for some v € {1,1}; compare to [ZS10, Thm. 5.1] for examples of schemes satisfying
these rates. In that case one can verify that [|0yully,_ (o 7.1, (7)) remains bounded
for h small enough. Further, by employing arguments similar to [MN06, Rem. 3.6]
adapted to our spatially discrete case we can show that

Zhn (| [[at”h]]n }2 + } Hatuhﬂn+1 }2) < Ch2P+27 and
Zh" (| [[uhﬂn }2 + | [[uh]]nJrl }2) < Ch2p+2'y’
Where h = maxp h’" AS7 in additiom

o ([T, + [ ]

is expected to be bounded, we expect E in (6.21) to be of order h**27 and the
exponential term in (6.21) to be bounded uniformly in h. Therefore, we claim that
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our error estimator is of optimal order, for sufficiently smooth solutions. This is
supported by numerical evidence in section 7.

Remark 6.7 (localizable estimates). As can be seen in [Daf10] the relative entropy
stability estimate in Lemma 2.7 can be localized in the sense that there is a computable
¢ > 0 depending on O such that for every [a,b] C I and t >0

(6.23) Ju ) = v )1, (0 < Crexp(Cat) luo = Vollr, (ja—ct pret))

with Cy depending on [|0:V|ly, _ ({(s,s):wcfa—es,btes)y) - LHiS, in particular, shows that
the arguments presented above allow for the construction of localized a posteriori
error estimates.

7. Numerical experiments. In this section we study the numerical behavior of
the error indicators and compare this behavior with the true error on two model prob-
lems. The coding was done in MATLAB under the framework provided by [HWO0S].

Remark 7.1 (computed a posteriori estimators). We study the behavior of two
a posteriori quantities. The first estimator, given in Theorem 6.5, is dependent only
upon the discrete solution

(7.1)

1/2
& = <L2 > b ([T G0, + [T 0], 4 [*) + C () exp <m(uh>>)

with
(7.2)
¢ CoCrmaxa (10sunlly_ 1,y + LK/ (und, ] + [[un], ) + C2
k1(up) == c ds
0 1

and E(t) given in Lemma 6.4, L is the Lipschitz constant of the numerical fluxes (3.6),

and K = max (|llll, 11y 1ol —10y)-
The second estimator, given in Theorem 5.5, is determined by computing the
discrete reconstruction operators and is

(7.3)
1/2
& = <|Uh — a7, + 20, ( IRIE, (1x (0,4 + Crlluo — bollt 1) ) exp (Hz(ﬁ))> ;

where

b CHC |0t (-, 5 2
) i = [ I £
0 n

and R is given in (5.2).

The constants for both estimators are readily computable as detailed in Remark
7.4 for each of the test cases; as such both quantities are estimators.

DEFINITION 7.2 (estimated order of convergence). Given two sequences a(i) and
h(i) \¢ 0, we define estimated order of convergence to be the local slope of the loga(i)
versus log h(i) curve, i.e.,

~—

. log(a(i+1)/a(i)
(7.5) BOC(a, hi i) == 1) /h ()
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00.))

EOC(|IE7] 1.

log([1E! .. (0.,)

Tog([lellz..0.,it2))
EOC(lellr . 0,000

\\\

(a) Results for PV elements. Notice both estimators are robust; however, é”tz has a slightly lower
effectivity index.

¥

EOC(IE! 1.0

log(|[€] 1. 0.4))

Log(llellpwio.tu:t2(0)
EOC(|fe|,
EI(t,,)

(O tuiLa )

(b) Results for P! elements. Notice both estimators are robust; however, cgf has a slightly lower
effectivity index.

Fic. 1.  Numerical results for the dGRK scheme with Engquist—Osher flures approximating
(7.8) the solution to Burgers’ equation. In each subfigure we plot both estimators, c%l,eff, together
with the error, e, on a logarithmic scale against time. We also show the estimated orders of con-
vergence and the effectivity indices over time.

DEFINITION 7.3 (effectivity index). The main tool deciding the quality of an
estimator is the effectivity index, which is the ratio of the error and the estimator,
i.e.,

(7.6) BI(t,) 1= o tel0:t0] Ot fori=1,2.
= unllL0.t,:La(s1)
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Fic. 2. Numerical results for the dGRK scheme with Engquist—Osher fluzes approximating the
solution to Burgers’ equation with initial condition u(z,0) = —sin (). We study the behavior of the
estimators as the solution approaches blowup at t = 1. Notice that before shock time the estimators
behave robustly. As shock time approaches the estimators blow up at a rate which increases as the
meshsize decreases.

Remark 7.4 (computation of constants). The constants appearing in the esti-
mators &} are readily computable; C,, and C5 represent the absolute values of the

minimum and maximum eigenvalues of D?n on O. In addition Cf := (33, C;z.)l/Q,
where Cf, is an upper bound for the absolute values of the eigenvalues of the ith
component of f.

In both tests below we choose an explicit fourth order Runge—Kutta method for
the temporal discretization. To test the asymptotic behavior of the estimators given
in Theorems 5.5 and 6.5 we use a uniform timestep and uniform meshes that are fixed
with respect to time. Hence for each test we have V" = V° = V and 7,, = 7(h) for
all n € [1 : N]. We fix the polynomial degree p and two parameters k,c and then
compute a sequence of solutions with h = h(i) = 277, and 7 = ch* for a sequence of
refinement levels i = 1,..., L.

7.1. Test 1: The scalar case—inviscid Burgers’ equation. We conduct a
benchmarking experiment using the inviscid (scalar) Burgers’ equation

u2
(7.7) O + 0 (?) =0.
Using an initial condition u(z,0) = —sin(z) over an interval I = [—7,7]. It can

be verified that, before shock formation, the exact solution can be represented by an
infinite sum of Bessel functions, that is,

> Jk(kt) .
(7.8) u@ﬂ—2; o sin (k).
where Jj, denotes the kth Bessel function. Note this is a decaying sequence, hence we
may approximate the solution by taking a truncation of this series.

We discretize the problem (7.7) using the dG scheme (3.3) together with Engquist—
Osher type fluxes. These fluxes satisfy the assumptions (3.5)—(3.6) as shown in Re-
mark 3.1.

For this problem we may take n(u) = %u2, and hence it is readily verified that

Cy=Cy=Cr=1.
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EOC([] Iz i0.4.))

I
EOC(|fel|.

(a) Results for PV elements. Notice both estimators are robust; however, é”tz has a slightly lower
effectivity index.

EOC(E!|

¥

EI'(t,,)
ER(t,,)

(b) Results for P! elements. Notice both estimators are robust; however, cgf has a slightly lower
effectivity index.

Fia. 3. Numerical results for the dGRK scheme with Roe fluzes approzimating (7.8) the
solution to the p-system. In each subfigure we plot both estimators, é;l, é‘f, together with the error,
e, on a logarithmic scale against time. We also show the estimated orders of convergence and the
effectivity indices over time.

In Figures 1(a) and 1(b) we examine the asymptotic behavior of the estimators
and error for the solution given by (7.8). In Figure 2 we study the behavior of the
estimators when a shock forms.
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7.2. Test 2: The system case—the p-system. In this case we conduct some
benchmarking using the p-system, given by

0 = Oyu — Oy,
(7.9)

0= 0w — 0z (p(u)).
We choose an initial condition u(x,0) = —v(x,0) = exp (—10 |x|2) over an interval
I=1[-5,5]

We discretize (7.9) using the dG scheme (3.3) with a Roe flux (as described in
Remark 3.1). This class of fluxes satisfies the assumption on the fluxes (3.6) assuming
p is surjective. We take p(u) = u® + u.

For this problem we have n(u, v) = W(u)+ %112, where W is a primitive of p. Thus
the eigenvalues are 3u®+ 1 and 1. Suppose u € [—a, a]; then we have that C,, = 1 and

Cy =1+ 3a%. Similarly, C; = (6a)"/*.
To generate an exact solution to this problem we introduce a source term into
the second equation in (7.9). We choose the source term in such a way that

(7.10) u(z,t) = exp(—10 |z — t]?),
(7.11) v(z,t) = —exp(—10 |z — t|?).

The results are summarized in Figures 3(a) and 3(b).

8. Conclusion. In this work we introduced a methodology for deriving a poste-
riori bounds for semidiscrete discontinuous Galerkin schemes approximating systems
of hyperbolic conservation laws. The methodology is applicable whenever solutions to
the system remain Lipschitz continuous and we have numerically demonstrated that
the a posteriori estimator is robust in this case. When shocks develop the relative en-
tropy stability theory breaks down and, although the estimator remains computable,
it contains, as expected, a constant that blows up as the meshsize goes to zero. The
extension of this approach to the postshock case remains a challenging problem.
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