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Abstract

For practical applications, the long time behaviour of the error of numerical solutions to time-
dependent partial differential equations is very important. Here, we investigate this topic in
the context of hyperbolic conservation laws and flux reconstruction schemes, focusing on the
schemes in the discontinuous Galerkin spectral element framework. For linear problems with
constant coefficients, it is well-known in the literature that the choice of the numerical flux
(e.g. central or upwind) and the selection of the polynomial basis (e.g. Gau-Legendre or
Gaull—Lobatto-Legendre) affects both the growth rate and the asymptotic value of the error.
Here, we extend these investigations of the long time error to variable coefficients using both
GaufB—Lobatto-Legendre and Gaufi—Legendre nodes as well as several numerical fluxes.
We derive conditions guaranteeing that the errors are still bounded in time. Furthermore, we
analyse the error behaviour under these conditions and demonstrate in several numerical tests
similarities to the case of constant coefficients. However, if these conditions are violated,
the error shows a completely different behaviour. Indeed, by applying central numerical
fluxes, the error increases without upper bound while upwind numerical fluxes can still
result in uniformly bounded numerical errors. An explanation for this phenomenon is given,
confirming our analytical investigations.
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1 Introduction

The investigation of the error of numerical solutions to hyperbolic conservation laws has
received much interest in the literature [1,7,16,18,20,27,28,31,48]. In some of these papers, a
linear error growth (or nearly linear growth) in time is observed, while the numerical error is
bounded uniformly in time for others. In [27], the author explains under what conditions the
error is or is not bounded in time if a linear problem with constant coefficients is considered.
Using finite difference approximations with summation-by-parts (SBP) operators and simul-
taneous approximation terms (SATSs), the error behaviour depends on the choice of boundary
procedure of the problem. If one catches the waves in cavities or with periodic boundary
conditions, linear growth is observed like in [16], whereas for inflow-outflow problems one
obtains uniform boundedness in time. In other words, if the boundary approach has sufficient
dissipation, the error is bounded. It does not depend on the internal discretisation.

This investigation is extended to the discontinuous Galerkin spectral element methods
(DGSEM) in [20] and to Flux Reconstruction (FR) schemes in [31]. Different from [27],
using DG or FR methods, the internal approximation has an influence on the behaviour of
the error, since there are additional parameters. The choices of numerical fluxes (upwind and
central) and polynomial bases (Gauf—Lobatto—Legendre or Gaul—Legendre) have an impact
on the magnitude of the error and the speed at which the asymptotic error is reached.

In all of these works [20,27,31], the model problem under consideration is a linear advec-
tion equation with constant coefficients. In this paper, we extend these investigations by
considering variable coefficients. The introduction of variable coefficients leads to stability
issues and problems in the discretisation of the numerical fluxes as described in [36]. Using
split forms in the spatial discretisation [10,26], we are able to construct an error equation in
the spirit of [20] for our new model problem.

Furthermore, using this error equation, we formulate conditions on the variable coefficients
to guarantee that the error is still bounded uniformly in time. Here, it will be essential that the
first derivative of the variable coefficient a(x) is positive. In numerical tests, we demonstrate
that if these conditions are fulfilled, the errors behave like in the case of constant coefficients.
If these conditions are not satisfied, we have a different behaviour. If central numerical fluxes
are applied, the errors tend to infinity, whereas the errors using upwind fluxes in the calculation
may still remain bounded uniformly in time. This matches our analysis and the conditions
which we derive in the analytical investigations in Sects. 4 and 5.

The paper is organised as follows: in the second section, we introduce the model problem
and repeat the stability analysis from the continuous point of view. In Sect. 3, the main idea
of SBP-FR methods and the concrete schemes are repeated. Then, we present the different
numerical fluxes under consideration and introduce the main focus of our study, the numerical
errors. We repeat some approximation results which we need in the following sections. For
our analysis, it is essential whether or not boundary points are included in the nodal bases. In
Sect. 4, we start by considering Gau3—Lobatto—Legendre nodes. These include the boundary
points and we demonstrate that the error is bounded uniformly in time under some conditions
on the variable coefficient a(x). Afterwards, in Sect. 5, we adapt the investigation from before
to GauB-Legendre nodes which do not contain the boundary points. We get additional error
terms in our error equation and focus finally on the different discretisations of the numerical
fluxes. Similar conditions are derived like before on a(x) to guarantee that the error is
bounded in time. We confirm our investigation by numerical experiments in Sect. 6, which
includes also a physical interpretation of the test cases under consideration. Furthermore, a
first analytical study about the error inequalities is given if one of the conditions on a is not
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fulfilled. In Sect. 7, we generalize our investigation to systems (linearized Euler equations
and magnetic induction equation) and demonstrate problems which arise in these cases. We
give an outlook for further research. Finally, we summarise and discuss our results.

2 Model Problem and Continuous Setting

The problem under consideration is the following linear advection equation

oru(t, x) + oy (a(x)u(t,x)) =0, t >0, x € (x, xR),
u(t, xp) = gr(1), t>0, (D
u(0, x) = uo(x), X € [xL, xRl

with variable speed a(x) > 0 and compatible initial and boundary conditions ug, gr. Fur-
thermore, the initial and boundary values are chosen in such a way thatu(z, x) € H™ (xp, xg)
for m > 1 and that its norm ||u(?)||g» is bounded uniformly in time. This condition is phys-
ically meaningful, e.g. for problems with sinusoidal boundary inputs. However, we will also
present in Sect. 6 an example where this condition is violated and our whole analysis will
break down.

The impact of the boundary condition and the variable coefficient a on the solution is
essential and will shortly be repeated from [29,36]. The energy of the solution u of the initial
boundary value problem (1) is measured by the classical L2-norm [lu]]? = f ;LR u?d x. Focus-
ing on the weak formulation of the advection equation (1), a test function ¢ € C Uxp, xrlis
multiplied and integrated over the domain

XR XR
[ @wpar+ [ @a@npar=o. @
XL XL
Setting ¢ = u, application of the product rule and integration-by-parts yields

d XR XR
—ul)? = / ua,udx:—2/ udy(au)dx
XL XL
XR XR
= —/ (uax(au) + audyu + uzaxa) dx = —auzlﬁf —/ uzaxa dx
X X

L L

XR
= a(xp)g; — a(xg)u(xg)? —/ ud.adx.

XL

Integration in time over an interval [0, 7] leads to

T T
U (DIP = luoll? = a(xm/o Zndr - a(m)/o W21, xg) dr

XR T
—/ (/ uz(t,x)dt> dea(x)dx. 3)
XL 0

Here, the change of energy at time 7" can be expressed by the energy added at the left side
through the boundary condition minus the energy lost through the right side, and an energy
term considering the variation of the coefficient a. If dya is bounded, the energy is also
bounded for a fixed time interval. It can be found in [29, Section 2] that the energy fulfils
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u()|]* <exp (t]|drallre) - <||uo||2

t
+/0 exp (—7|0xal|Le) (a(xL)gL(r)2—a(xR)u(f,x;e)z)dT)

The numerical scheme has to be constructed such that the approximation imitates this
behaviour. Special focus has to be given on an adequate discretisation of the flux function f,
which depends on the space coordinate x via the variable coefficients a(x). The numerical
fluxes have to be adjusted. We will specify this in Sect. 3.2.

3 Flux Reconstruction with Summation-by-Parts Operators and
Numerical Fluxes

In the first part of this section, we shortly repeat the main ideas of Flux Reconstruction
(FR), also known as Correction Procedure via Reconstruction, using Summation-by-parts
Operators (SBP). A more detailed introduction to this topic can be found in the articles
[38,39] and references therein.

3.1 Flux Reconstruction Using Summation-by-Parts Operators

We consider a one-dimensional scalar conservation law
Ou(t, x) + 0y f(t, x,ut,x)) =0, t>0,x € (x0, xk), 4

equipped with appropriate initial and boundary conditions. The domain (xg, xg) is split into
K non-overlapping elements [xo, xx] = [x0, x1]1J - - Ulxk—1, Xk ]. The FR method is a
semidiscretisation applying a polynomial approximation using a nodal basis on each element.
Therefore, each interval [x;_1, x;] is transferred onto a standard element, which is in our case
simply [—1, 1]. All calculations are conducted within this reference element. Let PV be the
space of polynomials of degree < N, —1 < ¢ < 1(i €0, ..., N) the interpolation points
and IV : L2(—=1,1) N C(—=1,1) — PN¥(—1, 1) be the interpolation operator and Py _, be
the orthogonal projection of u onto PY ! with respect to the inner product of the Sobolev
space H™((—1, 1)). The solution is approximated by a polynomial U € PV and the basic
formulation of a nodal Lagrange basis! is employed. Instead of working with U one may also

express the numerical solution as the vector u with coefficients u; = U(¢;),i € {0, ..., N}.
All the relevant information are stored in these coefficients and one may write
N
w(@) 2 UQ) =Y wli(@), )

where [; (¢) is the ith Lagrange interpolation polly_rgomial that satisfies /; (¢;) = 6;;. In finite
difference (FD) methods, it is natural to work with the coefficients only and since we are
working with SBP operators with origins lying in the FD community [21], we utilise the coef-
ficients. Finally, the flux f(u) is also approximated by a polynomial, where the coefficients
are given by £ = f (;) = f (U ().

Now, with respect to the chosen basis (interpolation points), (an approximation of) the
derivative is represented by the matrix D. Moreover, a discrete scalar product is represented

I Modal bases are also possible [39], but we won’t consider these in this paper.
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by the symmetric and positive definite mass/norm> matrix M, approximating the usual >
scalar product, i.e.
Xit+1

Du ~ deuand (u, v)y = ET@m/ uvdx. (6)

Xi

Using Lagrange polynomials, we get Dy; = l;. (k) and M = diag (w9, ..., ®N), where
w; are the quadrature weights associated with the nodes ¢;. For Gau—-Legendre nodes,
wj = f_l 1 1j(x)? dx. For other quadrature nodes such as GauB-Lobatto-Legendre nodes,
the mass matrix is in general not exact.

SBP operators are constructed in such way that they mimic integration-by-parts on a
discrete level, as described in the review articles [8,44] and references cited therein. Until
now, we have expressions/approximations for the derivative as well as for the integration.
Hence, only the evaluation on the boundary is missing. Here, we have to introduce two
different operators. First, the restriction operator, which is represented by the matrix R,
approximates the interpolation of a function to the boundary points {x;_1, x;}. Second, the
diagonal boundary matrix B = diag (—1, 1) gives the difference of boundary values. It is

Ru ~ (u(xi_1)> and (up,ug)-B - (ZL> = URVR —ULVL.
= \wr

u(x;)

Finally, all operators are introduced and they have to fulfil the SBP property

MD+D"M = R"BR, 0

in order to mimic integration-by-parts on a discrete level

HT

Xi Xi .
MDu+u D" Mo~ [ w@w+ [ @av =il ~uTRTBRy.
- Xi—1 Xi—1 - -

Here, we investigate the long time error behaviour of linear problems with variable coeffi-
cients. To represent these coefficients in our semidiscretisation, multiplication operators are
necessary. If the function U is represented by u, the discrete operator approximating the
linear operator v — vU is represented by the matrix , mapping v to uv. In a nodal basis,’
the standard multiplication operators consider pointwise multiplication. This means that u is
diagonal with u = diag («) and (uv); = u;v;,.

One central point in our investigation in Sects. 4 and 5 will be whether the boundary points
are included in the set of interpolation nodes (Sect. 4) or not (Sect. 5). This is an essential
point in this paper and also in others [22,29,34,36,38,39]. If the boundary points {x;_1, x;}
are included, the restriction operators are simply

R= (58... 8?), R"BR =diag (~1,0,...,0,1).

Thus, restriction to the boundary and multiplication commute, i.e.

(120 ) = (k)  (r2) = v = R

2 Both names are used. In the DG community [12], the matrix is called mass matrix, whereas the name norm
matrix is common for FD methods.

3 For a modal basis see [39].

@ Springer



Journal of Scientific Computing (2019) 79:1572-1607 1577

At the continuous level this property is fulfilled and so we want this property also in our
semidiscretisation. However, if the boundary nodes are excluded, restriction and multi-
plication will not commute in general. Therefore, some corrections have to be applied

[33,34,38,39]. Itis common to use some linear combination/splitting of the terms (g ) . (&)

and Rvu to mimic (9) at a discrete level. We have to mention that the construction of these
correction terms can be very difficult (e.g. [34] and [35, Section 4.5]) and for some equations
like Euler for example, it is still an open problem if such correction terms exist [33].

Now, the general aspects of SBP operators are introduced and we can focus on our FR
approach. Contrary to DG methods, we do not apply a variational formulation (i.e. weak
form) of (4). Instead, the differential form is used, corresponding to a strong form DG
method. To describe the semidiscretisation all operators are introduced. We apply the discrete
derivative matrix D to f. The divergence is D f. Since the solutions will probably have
discontinuities across elements, we will have this in the discrete flux, too. In order to avoid
this problem, a numerical flux f™™ is introduced which computes a common flux at the
boundary using values from both neighbouring elements. The main idea of the FR schemes
is that the numerical flux at the boundaries will be corrected by functions in such manner
that information of two neighbouring elements interact and basic properties like conservation
hold also in the semidiscretisation. Therefore, we add a correction term using a correction
matrix C at the boundary nodes. This gives Flux Reconstruction its name. Hence, a simple
FR (or correction procedure via reconstruction, CPR) method for (4) with boundary nodes
included reads

8,g=—Qlf—g(i"”m —glf). (10)

A general choice of the correction matrix C recovers the linearly stable flux reconstruction
methods of [46,47], as described by [38]. The canonical choice for the correction matrix is

C:=M'R"B. (11)

It is a generalisation of simultaneous approximation terms (SATs) used in finite difference
methods [6] and corresponds to a strong form of the discontinuous Galerkin method [19]. In
this paper we concentrate on the correction term using (11). However, a generalisation to the
schemes of Vincent et al. [46] is possible and can be done as in [31,38]. However, further
problems emerge concerning the interchangeability of coefficients in the broken norms and
one has to be careful.

3.2 Numerical Fluxes

Special focus has to be given on an adequate discretisation of the flux function f, which
depends on the space coordinate x via the variable coefficients a(x). The numerical fluxes
have to be adjusted. The numerical fluxes under consideration will be

Edge based central flux /™™ (u_, uy) = a(x) #, (12)
Split central flux ™™ (u_,uy) = %, (13)
Unsplit central flux ™™ (u_, u,) = M, (14)
Edge based upwind flux ™™ (u_,uy) = a(x)u_, (15)
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num

Split upwind flux ™" (u_,uy) =a_u_, (16)

(u—,uy) = (au)—. a7

If boundary nodes are included and the coefficients a of the discrete version of the function a
are obtained by evaluating a at these nodes, (12), (13), (14) and (15), (16), (17) are identical
like in the next Sect. 4. From the stability analysis in [36], we know that using the unsplit
fluxes (14), (17) may result in stability issues. Furthermore, applying the other fluxes and to
guarantee stability, we need that the interpolation speeds have to be exact. In this cases, the
edge based (12), (15) and the split numerical fluxes (15), (16) are equivalent. This exactness
can be achieved by evaluating the speed a(x) at N 4+ 1 Gauss—Lobatto points* and then the
unique interpolating polynomial can be evaluated at the nodes used in the basis not including
the boundary. We will consider this later in detail in Sect. 5.

As it was described in Sect. 3.1, all calculations are done in a standard element [—1, 1].
Therefore, a transformation of every element eX = [xi, xx_1] to this standard element is
necessary. Equation (2) is transformed to

%<8tu,<pk>+<ag(0ku)’§0k> =0, (18)

num

Unsplit upwind flux f

where (-, -) is the L2-scalar product, ¢* is a test function in the kth element and the factor
% = %=1 comes from the transformation. Applying the product rule and integration-
by-parts to (18) yields

Axp

- <8,u, (pk> + % ((35 (aku), (pk> + <ak8§u, <p/‘> + <u8§ak, (pk>) =0, (19)
1

Ax
Tk <8,u,<pk>+ 2(akugok|171 — <aku, aggok>

+ (a*Beu, ¢*) + (udea®, <p">> =0. (20)

Formulation (20) will be used to construct the error equations.

3.3 Numerical Errors and Approximation Results

The error in every element is given by E¥ = uk(, x(&)) — Uk, &), where u represents
the solution in the kth element and U is the spatial approximation. Using the interpolation
operator and adding zero to the error, EX can be split in two parts:

EF = VWb — UM + @ =TV (5. 1)

=:ekePN =gk
With the triangle inequality, one may bound this by
NEM Iy < lleflly + lehw (22)

where || - || is the discrete norm induced by the discrete scalar product (6). s’,‘, is the
interpolation error, which is the sum of the series truncation error and the aliasing error. As
it was already described in [5,11,15,30,32], its continuous norm converges spectrally fast for
the different bases under consideration. It is

4 We assume here a nodal basis using N + 1 points to represent polynomials of degree < N.
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m

. )12
|l g 1.1y = > Pl
Jj=min(m,N+1)

the seminorm of the Sobolev space H™(—1,1). For Gauf-Lobatto—Legendre/Gaufl—
Legendre points,
lu =L@l 21,1y < CNT" ulgmn (_q 1y 23)

where C depends on m. In view of our investigation, one needs to consider the interpolation
error notonly in the standard interval [—1, 1], butin each element ¢* . Therefore, the estimation
(23) will be transform to every element.’ With a combination of [11, Theorem 6.6.1] and [5,
Section 5.4.4], for GauB3—Legendre nodes

681 pn ety < € (A MmN IES NI 24)
for n = 0, 1. For Gauss—Lobatto-Legendre nodes, delete % on the right side of (24). A
finite dimensional normed vector space is considered and all norms are equivalent there.
This allows to bound the discrete norm in terms of the continuous ones and implies that
||£1]‘)|| N in (22) decays spectrally fast in all cases of consideration. In other words, 811‘ has to
be investigated in detail. This error describes the difference of the interpolation of u and the
spatial approximation U.
Therefore, we have to consider the numerical schemes under consideration. The semidis-
cretisation of (1) is given by the following form:

1
oy = —=Dau — —aDu — —uDa

w7 R (= SR 5 (Ra) - (Ra) ). 25

where analogously to the continuous setting a split formulation has been applied. The last term
is due to the fact that for Gauss—Legendre nodes the restriction operators R do not commute
with the multiplication operators. Therefore, corrections have to be used. If boundary nodes
are included, multiplication and restriction commute and we can simplify (25) to

a,g+%(@u+gu+ga)+g—lgT§(ﬂum—@) —o. (26)

In (25) and (26), the terms 2—4 approximate the split form % 0y (au) + a(d,u) + u(dya) of
the flux derivative dy (au) of (1). Since the semidiscretisation is used in every element ek,
one obtains for every element the following form:

AXxp 1
Tazﬂﬁ-E(@—FQLH-Qa)
—1 pT num 1 1
tM R BL\S —5@—5(@)-(g) =0. 7)

Using a Galerkin approach, gk'T M is multiplied to (27), resulting due to the SBP property
(7) in o

5 A more detailed analysis can be found in [2,3].
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Axk k 1 kT
T(/) Moiu + 5@ M (&u +aDu + uDa)
1 1
+¢""R"B (f“”“‘ ~ 5Rau— > (Ra) (Q)) =0,

A 1

oM Mo+ 59" (RTBR — DTM) au+ 5¢*" MaDu

1
T

The diagonal multiplication operators are self-adjoint with respect to M, i.e. Ma = aM, and
@ = % Thus, (28) is

Ax 1 1 1
—"g“ga,g— Egk’TQTMau + Egk’TaMDu + Egk’TuMDa

2
TR (1 - (Ra) - (Re)) =0 9)

or with boundary nodes included

Ax 1 1
Tkgk’Tgazz— Egk,TQT@u + Egk’TaMDu

1 1
+ 59" uMDa +¢""R" B (fnum - Eﬁu) =0. (30)

The error equations will be derived using both semidiscretisations. Before starting with the
GauB3-Lobatto—Legendre case in the next Sect. 4, we shortly repeat for clarification again the
notation which will be used in this paper in Table 1.

4 Error Behaviour Using GauB3-Lobatto Nodes

In this section, Gau3—Lobatto—Legendre nodes will be used in the discretisation, resulting
in diagonal norm SBP operators including the boundary nodes. In this case, multiplication
and restriction to the boundary commute and the interpolated speed a(x) is automatically
continuous. Before starting our investigation in this section, we will briefly summarize our
final results for both cases (Gau3—Lobatto—Legendre and Gaul—Legendre).

Result 4.1 75(¢) is a factor which depends on ¢, the values of a and a’. If there exits a positive
constant §, such that the mean value of 7(¢) can be bounded from below, then there exists a
constant C such that the errors 8’1‘ (t) of (21) satisfy the inequality

1 —exp(—6t)
||é91(t)||1v57(S C,
in the discrete norm || - || . The total error is bounded in time.

In the following, we will derive the exact conditions when the above inequality is fulfilled
and specify in detail what factors play a key role in the definition of n and §. We outline
the steps of our analysis. All steps of the investigation in Sects. 4 and 5 are almost analo-
gous except that in step 5 we have to consider the different flux functions (12)—(17) in our
investigation.® The main stepts are the following:

6 We have an additional error term in Sect. 5, but this does not change the major steps of the study.
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Table 1 Summary of the notations used in this article

Notation Interpretation

u is the solution of (1)

U is the spatial approximation of u given by (5)
u are the coefficients of U, evaluated at the

interpolation/quadrature nodes

D is the discrete derivative matrix

R is the restriction operator performing interpolation to

o the boundary

M is the mass/norm matrix

(-, ) is the usual L2 scalar product

-1 is the norm induced by the L2 scalar product

(v IN is the discrete scalar product given by (6)

IRRIEY; is the norm induced by the discrete scalar product from
above

w is the interpolation operator

PI’\,'LI (u) is the orthogonal projection of « onto PN-1(—1,1)
using the inner product of H™(—1, 1) (See also
“Appendix”)

EF = uk — Uk is the total error in the kth element

Elf =1V (uk )—U k is the difference between interpolation and spatial
approximation in the kth element

sll‘, =uk — TN (k) is the interpolation error which decays spectrally fast

1. We derive an error equation for g]f of (21) by inserting the error EX into the continuous
equation (20) for every element.

2. By adding zero in a suitable way, we are able to split the equations into a continuous and
a discrete part.

3. We add both parts for every element and get the error behaviour for the total domain.

4. We estimate the continuous terms and get an inequality for the error €1 in the discrete
norms.

5. We split the terms with the numerical fluxes. In the Gauss—-Legendre case (Sect. 5), we
have to be careful with respect to the used implementation of the numerical fluxes.

6. We estimate the long time error behaviour under some assumptions.

In the following, the error equation for s’l‘ = IV (k) — U* will be derived. Starting
by considering Gau3—Lobatto—Legendre nodes in our semidiscretisation and putting 1 =
IV (u*) + &b into (20) yields

Axy 1
SH{arah) . ot)+ 5 (a"HW)sokP_l — (a1 W), 2"
(a1 Wb, o) + (1Y by, ¢k>>
Axy

1 1 1
=—= <3,8’1‘,, g0k> + 3 <aks’;, 8g(pk> 3 <ak858/[§, (pk> —3 <£;8gak, (pk>,
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where ¢* € PV is a polynomial test function. For GauB—Lobatto-Legendre nodes, a* 8;2 =0

1
at the endpoints, since the interpolant is equal to the solution there. Thus, ake’[‘,wk =

Using integration-by-parts for <aks’1‘,, ¢ (pk> yields

Axy 1
(oW, o)+ 5 <ak11N WLy = (a1 W), B

+ <akag]IN(uk), g0k> + <HN(uk)8gak, (pk>>

Axy I I I
= = (oeh o) = 3 (e ateh). of) = 5 (b veeh. o) = S (haeat o). GBD)

We have to transfer the continuous scalar product from (31) to the discrete ones. Therefore,
we are following the ideas from [31], add zero to the above equation and rearrange these
terms. We will explain this for the first term on the left side of (31) in detail. The third to fifth
terms on the left side are handled analogously and details can be found in the “Appendix”.
Applying the interpolation operator together with discrete norms results in

- prun ) |

Now, we are introducing in the factor Q in the above equation which measures the projection
error of a polynomial of degree N to a polynomial of degree N — 1. We can rewrite (32) as

s )= (), +flowh o) - (0w ), |

where Q(u¥) := 9, (HN (uky — Py_, (HN (uk))) and Py _, is the orthogonal projection’ of u
onto PN-! using the inner product of H™ (€F). We get similar factors (Q1 — Q3) for the other
three terms. Since u and a are bounded, also all of theses values have to be bounded. Finally,
the values of the interpolation polynomial at the boundaries of the element (—1 and 1) can
be approximated by a limitation process from the left side IV (*)~ and right side IV (%) *.
To simplify the notation, let

frumk (HN Wy~ ]IN(Mk)Jr)
= (e (e eh) e (e e h) L 6

For boundary points included, the interpolation is continuous (because the exact solution u
is continuous) and all numerical fluxes are exactly the products of the interpolation and the
coefficient values. One obtains

1
— fk,TéTé <inum,k (HN(Mk)_, ]IN(Mk)+) _ 5@”) . (34)
Using the above investigation and putting (32)—(34) in (31) results in

A 1
2k (&M, 2k)N ng1<,T§Té (inum,k (HN(uk)—’ HN(uk)Jr) _ §@>

| 1
~ MV () ok
2 -1

2

(@ )+ (@ o)+ g (e o),

7 More details can be found in the “Appendix”.
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A A
=+ (T . o) + %((Q(u"» v — (216, dugh)n

A
+ (@ 0ah), @) + (Q3Wh)da", <pj)N> +=H{awhaet). 6

with

Tk(u): {8,8 + — (8 (ake )+8f,8xak +ak8xell‘7)

1
+ 5 (QWh +a* 02 + (Q3Hd.ah) } (36)

Here, in definition (36) we have again the derivatives in x since we make the term independent
from the transformation. Therefore, we have in (35) a % in the T* terms.

By (24), the interpolation error gk converges in N to zero, if m > 1 and the Sobolev norm

p
of the solution is uniformly bounded in time.3 Equation (30) is subtracted form (35) and with

ek =TV (u*) — U* one obtains
Axk _ 1
T (ach ), + o TRTB (£ (7 o) - SRatet)
L (kg Lk Lk & ok
—5(1781,8@) 5( a§81’7>1v+§<§18§g’£)1v

=+A2 <Tk(u) g0> A (Ql(u) 8x§0> :k ((M,gk)zv

— (21", 0" )y + (@ Q") o)y + (Q3<u">axgk, qj)N )
Putting ¢* = 8’1‘ results in the energy equation
Axi d ko dhy— ok 1o k&
Sty e RTB (g (b o) - SRated
Lk k Lea &k Lika &k
2 (a—lel’ aggl)N *3 (a:a‘?gl’gl)zv *3 (Q] 9rd ’gl)N

— +% (Tk(u), 8’f> + % <Q1(Mk), 3x8]f>

= ((Q(uk), eHn — (Q1Wh), dcehHy + @ Qo). e

+ (Qshonat ef) ) (37)

Since gT = M we get

—_

D

—
N

(et aet), =
(et '), =

8 Therefore, we need the initial and boundary conditions in the model problem (1).

— ol
1%,

|

| = N =
-

1
e’ ah T MDek, (38)

TDT Maek = ~¢
= 2

(S}
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and one obtains in (37)

A:k dd [le 1||N‘f‘e;1 £T£<inum,k <(811€)7,(8]1()+) _%R\Lkelf)
+ A:k (g ek 9.a )N _ Az <Tk( ), € >+—<Q1(u ), Oy £1>

+ %((Q(u"),g’m — (Q1("), dreD)n + @ Q2 ("), e}y

+ (Qs(uk)axgk,Qlf)N) (39)

Summing this up over all elements and by defining the numerical flux of the error as 8‘1"”" =

i““m’k ((81 )_ , (Slf) ), the global energy of the error is

K
1 d o Ax kT VR
Eak 7” 1HN+,(Z:§1 § Ble e ERa &l

K AXk [k P K Axy P X Axy
=Y S (rh e el)+ 30 S (01w, aeel) - Z—(Qmu ). drebl

k=1 k=1 k=1
K
A
+ 30 =E (@b ey + @ Qawh). by + (Qawhnnat ef) ). (40)

The right-hand side of (40) will be estimated using the Cauchy—Schwarz inequality. For
example (the others terms are handled similarly),

K K K
> A% (el = [ SR mralp |3 A sk (1)
2 ,E€1) = 2 u 2 1 )
k=1 k=1 k=1
K K K
Axy k k ! Axy 2
;T(Ql(u IEN NS Y SR kzl—na . @)

Using an estimation for the differential operator 9, and the fact that e; € PV, itis ||9, gll‘ | |?v <
c1N?|| g’l‘l I%, with a positive constant c;. This is due to the fact that all norms are equivalent
and we can estimate with a Markov—Bernstein type inequality, see [13]. The estimation is used
for example in (42). An alternative approach would have been to use the summation-by-parts
property (7) and estimate analogously.

With the global norm over all elements and the equivalence between the continuous and
discrete norms we obtain

1d K Ax LT T g (gnumik 1 kgk
LS S (-

K
1 Axp
+EZ—(g’;§’f,axgk)Ns{c||T||+—||Q1||+ (||Q||N+NC1||Q1||N
+ llaQally + ||Qsaxa||N>}||el||N = B(t, N)lle1lln 43)
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Applying the same approach like in [20] and splitting the sum into three parts (one for the left
physical boundary, one for the right physical boundary and a sum over the internal element
endpoints), it is

K
1
glf,TéTé <§rl1um,k _ 2Rak k)
k=1

-3 aa( e () () ) - et

k=1
1 X 1
=} (= St ) 3 (4 - ek (B 4 EE))
k=2
1
(Bk ' —Ef) +EE (f““‘“ * - SarER ) :
Here, E’? (i=L,R; k=1,..., K)represents the error 8’f at the the position in the elements,

and (to shorten the notation) flljum e = fom k (Ek ! Ek) f Iljum’l = f num, 1 (0, E}‘) and

faum K pum, 1 (EX, 0). The external states for the physical boundary contributions are
Zero, because IV (u') = g at the left boundary and the external state for U is set to g. At the
right boundary, where the upwind numerical flux is used, it doesn’t matter what the external
state is, since its coefficient in the numerical flux is zero. One gets for the inner element with

el B
5 (i U ko1 (g1 | gk kfl_k_KUa]I{;l )2
> (s el (e ) ) () = 20 () =0
2

k=
. o =0 central flux,
with .
o =1 upwind flux.

For the left and right boundaries, it is finally
left: —E; (f““m’l - lalEl) = 2L (g])’
: L\JL SALBL | = L) >
. num K 1 koK oag ()2
right: Ep | fz —arEp | = (ER) .
2 2
Therefore, the energy growth rate is bounded by
K
1d o 2 2 o k1 1\ 2
sagleify 5 (o (25) b (1) + 5 2 (=)

BTs

K
AXxy
Py (cteh. 0na*) < E Mllenlly. (44)

| —

Inty

Itis BTs > 0. If Int; > 0, then (44) has the same form as in in [27] and one may
estimate/bound analogously to [20,27] the error in time. The E term depends also on N, but
this has no influence in the estimation here. We rewrite (44) as
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BTs + Inty

2
lleilly
— e
n(t)

d
7/ 1ellv + lleilly < E). (45)

Like it was described in [27], it is assumed that the mean value of n(¢) over any finite time

interval is bounded by a positive constant §p from below. This means that 7 > 59 > 0.

Under the assumption for u, the right hand side E(¢, N) is also bounded in time and one can

put n[%)ax | E(s, N) < C; < oo. Applying these facts in (45) and integrating over time, the
s€10,00

following inequality for the error is obtained

1— —dot
exp(=dot)

, 46
% 1 (46)

llerMllIn =<

see [27, Lemma 2.3] for details.

Remark 4.1 The term Inty is a crucial factor. If 3,a* > 0, one may estimate the left side of
(45) using the minimum of the discrete values of a. Then, Int; > % min{axgk}l lel II%V >0
and the above assumption on 7 is inevitably fulfilled.

Simultaneously, the term Int; can also destroy the error boundedness if the derivatives of a
are negative. It depends then on the sum of BT's and Int;. The upwind fluxes can therefore
rescue the error boundedness (46) whereas applying the central flux (o = 0) will contribute
to an unlimited growth of the error. We demonstrate this in some examples in Sect. 6 and
make a first analytical estimation in Sect. 6.5.

5 Error Behaviour Using GauB3-Legendre Nodes

Here, Gauf3—Legendre nodes are used, yielding diagonal norm SBP operators not including
the boundary nodes, contrary to Gaufl—Lobatto-Legendre nodes discussed in the previous
Sect. 4. Thus, care has to be taken of several potential problems. Firstly, the restriction to
the boundary and multiplication do not commute. Secondly, the numerical flux functions
(12)—(16) are now different from each other and have to be considered separately.
However, even if there are more problems, there are also some reasons to consider Gauf3—
Legendre nodes. Indeed, Gaui—Legendre nodes have a higher order of accuracy in the
quadrature and as investigated in [31], for the linear advection equation with constant coef-
ficients using Gaui—Legendre nodes, the error reaches always faster its asymptotic value.
Moreover, this asymptotic value is lower than the corresponding one using GauB—Lobatto—
Legendre nodes. Furthermore, the influence of the numerical fluxes is not that essential.
Using u = IV Wk + 8';7 in (20), where the terms are rearranged similar to Sect. 4, we get
analogously an equation similar to (35) except an additional error term due to the fact that
boundary terms are not included. We obtain

(e () - (a2 (59

=:£’2‘ (ak)

(1N et + g (A0 a )+ (et et

% (A wh.¢) +¢"TRB (f"“‘"”‘ (16 1V ) - % (Rd")- (&))
" (;akﬂN(u"wk 1

-1
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= 2w, o)+ 2 01y, gt
+ 25 (26 ) - (2 o)+ (o). b )
+ (0ed", 2a0h)et) (47)

with
. 1
T by = _ia,g’;, +5 (ax (akg’[g) + gj;axakaxe’;,)

+ % (0" +d* 0ah) + Q30,0 }

Following the approach from Sect. 4 we get the estimate’

;ddtk —H 1||N+Ze”§f (“”m*k((e’f)*,(g’fﬁ)_%(ﬁ\gﬂj.(gﬁ))

K K
LS A (L ks 1S A% 4 &
+§ZT(BXQ’§1§1>NS_§ZT e5(d")

Inty =0,

cN 1
+ {CIHTH + 7|IQ1|I + E(HQHN + N Q1lIn + [laQally + ||Q33xa||1v)} lleilln-

=Eq,N)
(48)

Remark 5.1 The sum of the terms 8]2‘ depends on a and the interpolation of the flux functions.
It is given by the formula

1

ek (db) = <;a kTN (uk)

. _ alf,TéTé(inum,k (HN(uk)—’ HN(uk)+)

Using GauB3-Lobatto nodes and an upwind flux, these terms are zero, see Sect. 4. If the sum
over all elements is positive, i.e. @, > 0, then this term decreases the upper bound of the
error €.

If ® < 0, then it increases the total error. The error depends on u, a and the jumps
between interfaces. Under the assumption that u is continuous, @, will be bounded from
below, resulting in an upper bound on the right side. Nevertheless, this makes it hard to study
the behaviour of the total error analytically.

We consider the first line of (48), especially the term

S et (7 () - 5 () ()

9 Details of main steps can also be found in the “Appendix”.
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with different flux functions (12)—(16). In [36], different assumptions on a have already been
formulated for stability and conservation of the numerical schemes. First, we consider the
general case. One may recognise the problems which arise by considering variable coefficients
in the model problem (1). Following this, we will formulate analogues assumptions to [36,
Theorem 3.4] and proceed with our analysis.

We split the sum in three terms (one for the left physical boundary, one for the right
physical boundary and a sum over the internal element endpoints), and we get

34787 (£ (e ) - (s - (1)
k=1
=g (- L) ¢ 3 (s (e wh)

k=2

1 3 N2 2 k 1
- 5(“11(3 1<E/;e 1) _alli(Eli) )>+E11§ (f}gum’ 5 RER)
We describe with E; (i = L, R) the approximation error €1, the indices give the position

in the elements, fLum ko = foum, k (Ek 1 Ek) fnum 1 — fnum,l (0’ El) and fnum K —

fnum. 1 (Eg , 0). The external states for the physical boundary contributions are zero, because
IV (u)! = g at the left boundary and the external state for U is set to g. The selection of
the numerical flux functions (12)—(16) has an influence on the behaviours of the errors and
we have to be careful in our study. If the interpolation of a is exact and a is continuous over
the inter-element boundaries, then the influence of the numerical fluxes can be simplified
essentially and we are able to analyse the long time error behaviours. We will formulate this
in detail for the first flux under consideration, the edge based central flux (12).

— Edge based central flux f™™(u_, uy) = a(x)“=1“*: We get for the terms in the sum
St (B ) (B BE) - 2 <a§;—1 () — b (Eg)2>

= Ja ) ((E’}{l)z E (Ei)2> -3 <aﬁ‘{‘ (B") —a

=5 (B5) (b —af ) + 5 (L) (ah —at) =

If the interpolation of a is exact and a 1s continuous, the brackets of a will be zero,
because af(x;) = alz = gk l(xp) = aR ~!If this is not the case, we get additional
terms that can be positive or negative depending on brackets. On the boundaries, one

obtains

~
A~
=1
~
—
S
SN———

1 1 1
left: — EIL f:um’l — 7aiElL = _ElL a (XL)ElL _ QEL
2 2 2
1 2
=3 (E}) (ap —a'(xp)) =0,
. 1 1
right: EX (fg”m’K — §a§E§> =5 (Eg) (a (xR) —aR> 0.

— Using this approach, we get the following results where the details of the calculation can
be found in the “Appendix”:
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Table 2 Error terms of the numerical fluxes

Fluxes Interiour Left Right
Split central 0 0 0
2 2 K
Edge bases upwind %alj{l [[El;;l]] % (E}‘) a}‘ (EIICQ) <HTR)
2 2 K
Split upwind %alj{l [[E;‘{l]] % (E}‘) aIlJ (E];e) <UTR>

For the calculation of the split upwind flux, we apply the assumptions of the exactness of
the interpolation and the continuity of a.

— Unsplit upwind flux f™™(u_,u_) = (au)_.
Unfortunately, for the unsplit numerical fluxes (14), (17) we are not able to find such a
simplification as above, since the restriction of the product can not be compared to the
product of the restriction. This issue triggers also stability problems, see [36] for details.
We formulate this now for the unsplit upwind flux as an example. It is:

_ _ 1 _ _1\2 2
(@Bt (E’; ! —E’i) -5 <a’,; ! (E’,; ‘) —ak (E’i) )
1 2 2
=5 (( @B TEN k! (E’;;l) ) —2a5 "B ER T +af (E’i) )

Because of (aE)];{1 # aIIC{lEII?I in general, a further simplification is in this case not
possible anymore. The following error bounds are only valid for the split numerical
fluxes. Nevertheless, we test also the unsplit fluxes in the next section.

By comparison, one may recognise that the split upwind flux is equal the edge upwind flux
and analogously for the central fluxes under assumptions. Using central fluxes leads to no
additional terms in the inequality (48), whereas using upwind fluxes does. If the restrictions
ar, /R to the boundary are positive, !9 all of these terms are positive. We reformulate the energy
inequality (48) as

1 K

d o 2 2 o B 2
§a||81||/2v+5<a,[§ (E’é) +aj (E}) >—i—2;a];e 1([[Ek]]> +Inty

BTs

<Eg@, Nllailly — ©2, (49)

where o is zero (central flux) or one (upwind flux). The energy growth energy inequality

(49) is similar to (48). The only difference is the term &;, which will yield a smaller upper
bound under the condition ®; > 0. We follow the steps of Sect. 4 and get

BTs + Intg + &,

2
lleilly
[ —
nG (1)

d A
I/ 1eliv + lleilly = Eg(t, N). (50)

10" This assumption is already formulated in [36, Theorem 3.4] to guarantee stability and conservation of the
numerical schemes.
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We have to assume that we can bound the mean value of 7 (¢) by a positive constant g
from below. If already Int; + ®@2 > 0, this is actually met without restrictions. So, using
the central fluxes (o = 0) does not yield to problems. Simultaneously, if BTs + Int; + ©>
overall is positive, the requirement on every a’i’ r to be non-negative can be weaken to make

the estimations, but one should have in mind that the positivity of alz z is acondition to prove

stability. This means'! 76 (1) > 8¢ > 8o > 0. Under the assumption of u, the right hand side

i (¢, N) is also bounded in time and one can put n[loax | Eg(t, N) < C; < oo. Applying
se€l|U,00
this in (45) and integrating over time, the inequality for the error follows as

11— —dgt
exp(=dc )C2-

5 GV

ller(lIv =
Since §g > dp, the error using Gaufi-Legendre nodes will reach its asymptotic value faster
than the error using a Gau3—Lobatto—Legendre basis. We see this behaviour in our numerical
simulations in the next section.

6 Numerical Examples

In this section, we present some numerical experiments using the constructed schemes. We
focus on the influence of the different numerical fluxes on the long time behaviour of the error.
From [20,31], we know that in case of constant coefficients the choice of the numerical flux
has an essential influence on the error behaviour, especially in the Gau—Lobatto-Legendre
case.

We consider our model problem, the linear advection equation

oru(t, x) + oy (a(x)u(t,x)) =0, t >0, x € (xz, xR),
u(t,xp) = gr(1), t >0, (D
u(0, x) = uo(x), X € (xL, XR),

with smooth speed a(x) > 0, initial condition ug and boundary condition g; . The solution
u of the corresponding Cauchy problem can be calculated by the method of characteristics,
see e.g. [4, Chapter 3]. As time integrator, we use the fourth order, ten stage, strong stability
preserving Runge—Kutta method of [17] and the time step is chosen such that the time
integration error is negligible. Although the term “strong-stability preserving” means the
preservation of stability properties of the explicit Euler method and the explicit Euler method
is not stable for our numerical experiments, this fourth order Runge—Kutta method is strongly
stable for linear equations [37]. All elements are of uniform size.

6.1 Coefficienta(x) = x

In our first experiment, we choose a(x) = x with initial condition uo(x) = sin(12(x —0.1)).
The interval is [x7, xg] = [0, 2] and we choose the inflow boundary condition such that
we get the solution

u(t, x) = exp(—0)ug(x exp(—1)).

For the coefficient a(x) = x, the first derivative of a is strictly positive, implying Intg > 0.

1 8o from Sect. 4, inequality (46).
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Longtime error behaviour splitted version Longtime error behaviour splitted version
0.020 —— Gauss, upwind 0.005 1 —— Gauss, upwind
—— Gauss, central —— Gauss, central
~ B
é 0.015 - —— Lobatto, upwind :E 0.004 —— Lobatto, upwind
£ g —— Lobatto, central E ;: —— Lobatto, central
¢ £ 0.003
I 0.010 4 \
£ £ 0.0021
3 3
= 0.0051 ~ 0.001 1 &
0.000 - 0.000 1
0 5 10 15 20 0 5 10 15 20
Time Time
(a) N=3, K =40, t=20. (b) N =4, K =40, t = 20.
Longtime error behaviour unsplitted version Longtime error behaviour unsplitted version
—— Gauss, upwind —— Gauss, upwind
0.020 ——— Gauss, central 0.005 1 —— Gauss, central
:E —— Lobatto, upwind :E 0.004 - —— Lobatto, upwind
£ g 0.015 4 Lobatto, central k| g —— Lobatto, central
f T’ 0.003
= 00101 E
z 2 0.0021
=N =N
= = = ‘ i
0.005 k 0.001 A
0.000 4 0.000 A (—
0 5 10 15 20 0 5 10 15 20
Time Time
(¢) N =3, K =40, t=20. (d) N =4, K =40, t = 20.

Fig. 1 Errors of numerical solutions using split and unsplit discretisations, a(x) = x

In our first simulation, we use K = 40 elements and calculate the solutions up to t = 20
with 200,000 time steps. In Fig. 1, we plot the long time error behaviour using polynomial
degrees three and four. One recognizes that in all cases the error remains bounded in time.

In the first row of Fig. 1, all terms (surface, flux and volume) are split whereas in the
second row they are not. We see that the error for the split version behaves like in the case
of constant coefficients [20,31]. We mean that the errors using the upwind fluxes are always
lower than the ones using central fluxes and one may recognize that we have some noisy
behaviour using the central fluxes. Using upwind fluxes, the error reaches its asymptotic
value faster than for the central fluxes.

In the second row, the unsplit discretisation is used. We recognize that we lose the predic-
tions from [20,31] that applying the upwind flux yields a more accurate solution. The absolute
value is also bigger applying the unsplit versions and we have again the noisy behaviour by
applying the central fluxes.

Comparing all four plots, we recognize that the best results are obtained by using Gauf3—
Legendre nodes and the split discretisation. Therefore, we have a closer look on this. In Fig. 2,
we consider only Gauf3 nodes and compare the split numerical fluxes and the unsplit numerical
fluxes (with split surface and volume terms). True in the legend indicates the split numerical
fluxes and false the unsplit ones. The experiment on the left-hand side demonstrates clearly
that the noisy behavior for the central flux transfers also to the application of Gau—-Legendre
nodes if all terms are split. Furthermore, we can hardly indicate some difference between the
usage of split and unsplit upwind fluxes here, whereas we have a slight different behaviour in
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Longtime error behaviour

(Gauss, splitted) flux term Longtime error behaviour
, X

(Gauss, splitted) flux term
0.010
— upwind, true . —— upwind, true
0.008 4 —— upwind, false 0.0015 1 —— upwind, false
:E —— central, true = —— central, true
=g 0.006 1 — central, false =g —— central, false
N ’ ZE 0.00101 :
| I
g 0.004 1 £
B = 0.0005 1
— 0.002 -
0.000 1 0.0000 1
0 5 10 15 20 0 5 10 15 20
Time Time
(a) N =3, K=40,t=20. (b) N =4, K =40, t = 20.

Fig. 2 Errors of numerical solutions using the split form and both split (true) and unsplit (false) numerical
fluxes

Longtime error behaviour splitted version Longtime error behaviour splitted version
0.00000125 —— Gauss, upwind 0.00000125 4 —— Gauss, upwind
—— Gauss, central —— Gauss, central
~ =
= 0.00000100 4 —— Lobatto, upwind = 0.00000100 — Lobatto, upwind
E § — “Lobatto, central E g Lobatto, central
= 0.00000075 \ = 0.00000075 4
| |
é 0.00000050 4 é 0.00000050 q
= =
T 0.00000025 4 T 0.00000025 A
0.00000000 0.00000000 q
0 10 20 30 40 50 0 50 100 150 200
Time Time
(a) N = 3, K = 40, final time t = 50. (b) N =3, K = 40, final time t = 200.

Fig.3 Errors of discretisations for a(x) = x2, [x7, xg] = [0.1, 1], and uq(x) = cos (%)

the usage of the central fluxes. The test indicates that the split discretisation (volume/surface
and numerical fluxes) should be preferred, matching our stability analysis.

6.2 Coefficient a(x) = x?

In our second experiment, we choose a(x) = x2 with initial condition ug(x) = cos (”2—)‘)

The interval is [x7, xg] = [0.1, 1] and we choose the inflow boundary condition according
to the solution

uo(x/(1 + 1x))
(14 1x)?

In our simulation shown in Fig. 3, we apply different numbers of time steps up to ¢ = 200.
First, we recognize that all errors are bounded in time, but different from the first case we
do not have any noisy behavior of the central fluxes, at least we can not identify some.
Simultaneously, the unsplit central flux error with Lobatto nodes increases at first rapidly
before it finally tends to its asymptotic value. In all cases, the errors are small but we get
always the best results by applying Gaul—Legendre nodes. Nevertheless, it takes a lot of time

u(t,x) = (52)
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Fig.4 Error behaviour on a 5 Longtime error behaviour splitted
logarithmic scale for a(x) = x~, version log-scale
t = 800 i, ;
10764 —— Gauss, upwind
-« —— Gauss, central
= .
= 10-7 —— Lobatto, upwind
E5 Lobatto, central
3
‘ 8
g 107%4
=
g
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T T T T
0 200 400 600 800
Time
Longtime error behaviour splitted version _ Longtime error behaviour splitted version
Longtime error behaviour splitted version = : 500
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= 0.00005 - = 1004
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(@) N =3, K =40,t=>5. (b)N=3 K=40,t=9. (¢) N=3, K=40,t=09.9.

Fig.5 Errors of discretisations for a(x) = x2, [x7,, xg] = [— 0.1, 1], and ug(x) = cos (”Tx)

for the errors to reach the asymptotic values. Even at time ¢ = 800, the asymptotic is still not
reached, cf. Fig. 4.

In the first simulation, the interval has been chosen as [x, xg] = [0.1, 1] to guarantee
the positivity of the derivative of a and also of its interpolation. Now, we change the interval
to [xz, xg] = [—0.1, 1], resulting in two major issues. First, the first derivative of a is not
strictly positive anymore and the solution develops a pole at time + = 10. Here, the solution
is also not uniformly bounded in its Sobolev norm and our error bounds (46) and (51) do not
hold. Nevertheless, the error behaviour can be investigated. Using only the split discretisation
for different times, we see in Fig. 5 that the errors increase and will increase further. They are
unbounded. Simultaneously, we also recognize that the errors using Gau3—Legendre nodes
still increase slower due to the fact that the methods using these nodes are more accurate.

Furthermore, by changing the initial condition to ug(x) = exp(—x4) instead of ug(x) =
cos (%) we are able to avoid the pole in the solution (52) since the exponential function will
tend fast enough to zero compared to (1 4 7x)? and we can extend the solution. Nevertheless
we get further problems here. If we have a look on the error behaviour in Fig. 6, we see that
we get a similar increase of the errors like in Fig. 5, but they are much smaller. Nevertheless
they are still unbounded, but why do we have this behaviour? The analytical solution is for
fixed times bounded, nevertheless we demand as one assumption right at the beginning at
equation (1) the solution to be uniformly bounded in time. However, this is not the case
anymore. This demonstrates again how essential this assumption is.

The same issue arises if we are investigate a(x) = cosh(x) + 1 as in [36]. Therefore, we
skip this case here.
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Fig.6 Errors of discretisations for a(x) = x2, [xp,xgr]=[—0.1,1], and ug(x) = exp(—x4)
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EE ]
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6.3 Coefficienta(x) = 1 — x?

Here, we choose the coefficient a(x) = 1 — x2. The solution of the Cauchy problem is

uo((—x cosh(r) + sinh(#))/(x sinh(t) — cosh(t)))
(cosh(t) — x sinh(z))2 '

u(t,x) = (53)
Using the domain [x7, xg] = [—1, 0.9] and the initial condition ug(x) = sin(wx), the
solution remains bounded but a’(x) < 0 for x > 0.

If we investigate now the long time error behaviour, we get a huge increase of the errors
if we apply the central fluxes, cf. Fig. 7. This matches perfectly our theoretical investigations
in Sects. 4 and 5, cf. Remark 4.1. We explain the reasons again in detail in the next test case
and a physical interpretation and illustration is given afterwards.

6.4 Coefficient a(x) = cos(x)

Here, we choose a(x) = cos(x) and ug(x) = sin(5x). The solution of the Cauchy problem
is
cos(xo (7, x))
cos(x)
xo(t, x) = —2arctan(tanh(z/2 — artanh(tan(x/2)))). (54)

u(t,x) = uo(xo(t, x))

We can find an interval for our solution (54) so that a’(x) < 0 and u(z, x) does not blow up,
e.g. [xr, xg] = [0.1, 7 /3]. The solution remains bounded but a’(x) < 0.
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Fig.8 For a(x) = cos(x), the slope of a is negative. The errors of numerical solutions using the central flux
increase, whereas the upwind flux results in bounded errors
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Fig.9 Error of numerical solutions for a(x) = cos(x) in logarithmic scale

In Fig. 8, we see the behaviour of the error for different times. First, one may suppose that
the error remains bounded in time, but this is not the case as can be seen stepping further in
time. Using the central fluxes (o = 0), the BT s terms are zero and we do not find an n which
is bounded with a positive constant from below away from zero. One may recognize also
that for Gaufi—Legendre nodes, the error increases much slower (second picture). Surely, one
reason for this is the smaller error in the Gaui—Legendre case. Furthermore, also the term ©®
may have a positive impact of the error behaviour.

However, this example demonstrates well that the condition a’(x) > 0 is essential for the
boundedness of the error, also in the test case of Sect. 6.3. One can rescue (46) and (51) by
applying the upwind flux like it can be seen in this test case and especially in Fig. 9.

By applying an SBP-SAT finite difference scheme with one block, the internal terms
BTs do not exist. Using the SBP difference operator of [23] with interior order of accuracy
eight, the split form, and 100 nodes for this problem, the error is unbounded, as can be
seen in Fig. 10. However, if the high-order artificial dissipation operator of [24] is applied
additionally, the error remains bounded.

Comparing Figs. 9 and 10 demonstrates that stabilisation induced by upwind fluxes or arti-
ficial dissipation operators is crucial and comparable. Furthermore, Gauss—Legendre nodes
not including boundary points provide some stabilisation.
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Fig. 10 Errors of numerical solutions using SBP finite difference schemes

6.5 A First Analytical Study

As can be seen in Figs. 9 and 10, if a’(x) is not positive the long time errors show different
behaviours depending on the dissipation which is added to the scheme by numerical fluxes
or artificial dissipation terms. Here, we give a short rough analysis on this topic under what
conditions we can guarantee boundedness. A more detail analysis should follow in future
research with more validations.

We are starting considering ng (¢) from (50). It is

BTs + Intg + &,

n(t) =
llel3

(55)

with Inty := % Zf:] % (8xgk, g’fg’f)N. A sufficient condition for the mean of 7(¢) to be
positive is that every value of n(¢) is positive. Therefore, we require
BTs + Int; + &,
—2 > 0.
llerlly
If the derivative of a is negative, we can reformulate the inequality above as
K
1 1 AXy
(BTs+ @) —— > —— —(
lledlly ~ 2lleilly k; 2

and even strengthen our assumptions by requiring

Bxgk' eheb) ).
- N

1 max, O0ya Ax,

(BTs + @) —— > *E("O”‘K; [2:a] P (L Q’fé’f)
lleilly 2llerlly =N

maXyxe(xg,xg) ‘a/(x)‘

or (BTs + ®»)
lle1l1% 2

(56)

From (56) we realize the BT s-terms are responsible to guarantee that this sufficient condition
is fulfilled. In case of a central numerical flux, BTs = 0 and we have to add additional
dissipation to the scheme as it is done in the SBP-SAT schemes in Fig. 10. However, also
the dependence of the error is important and we may also realize that in case of using Gauf3—
Legendre we rather get the condition (56) fulfilled. However, this estimation is rough and
should be improved in further research.
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6.6 Physical Interpretation and lllustration

In order to understand some results better, a physical interpretation of the advection equation
can be used. This serves also as illustration and explains the rational behind some of the
choices regarding for example the numerical experiments.

The advection equation d;u+9, (au) = 0 with non-negative velocity a(x) is a conservation
law with varying coefficients. Thus, the total mass f u is conserved and u is transported from
left to right due to a(x) > 0. In order to compute analytical solutions of the Cauchy problem,
the method of characteristics can be used, cf. [4, Chapter 3].

— Solve the ODE x/(t) = a(x(t)), x(0) = xg, for x(t) = x(t; x¢9). Compute also the
inverse function xg = xo(7; x).

— Solve the ODE z/(t) = —a’(x(t; x0))z(1), 2(0) = zo, for z(1) = z(t; 20, X0).

— Set zo = zo(xg) = up(xg) = uo(xo(t; x)) and obtain the analytical solution u(z¢, x) =
z2(t; 20, x0) = z(t; 2o (x0 (13 X)), x0(£; X)).

In the second step, if @’ > 0, the absolute value of z(z) decreases. Contrary, if @’ < 0, the
absolute value of z(¢) increases. This corresponds directly to the physical interpretation as
transport problem. Since u is conserved and transported with velocity a(x), there is a loss
of u if a’ > 0, since there is less new mass coming from the left than going to the right.
Similarly, @’ < 0 yields an increase of u, since more mass is coming from the left than
transported to the right. This explains also the critical role of a’(x). If @’ < 0, there can be
blow-up phenomena in the solution u, resulting in possibly finite life spans and increasing
energies and errors of numerical solutions. If ¢’ > 0, this cannot happen.

If one wants to investigate a situation with a’(x) > 0 in some parts and a’(x) < 0 in
other parts of the domain, there are basically two possibilities. Firstly, there can be a local
minimum of a(x), e.g. for a(x) = x2. In this case, there can be a blow-up of the solution
u, since more mass is coming from the left than transported to the right at this minimum.
However, this blow-up phenomenon caused by the varying transport velocity a(x) can be
balanced by the initial condition u. If there is simply not enough mass on the left, than the
higher transport speed there can not cause a blow-up of the solution u. This explains our
choice of the intervals and the initial conditions for these cases.

Secondly, there can be a local maximum of a(x), e.g. fora(x) = 1 —x2ora(x) = cos(x).
Now, there is no blow-up at the critical point, since more mass is transported to the right.
However, both examples have stagnation points with a(x) = 0. At such points, there will
be a blow-up of the solution, since mass is coming from the left but not transported to the
right. In order to avoid this phenomenon of the Cauchy problem, the interval can be chosen
adequately, i.e. bounded away at the right from the point with a(x) = 0. Then, the blow-up
of the solution of the Cauchy problem does not cause any problems for the corresponding
solution of the initial value problem. This explains our choices of the domains for these cases.

7 Possible Generalisation and Examples

As has been demonstrated hitherto, the error of numerical solutions of scalar hyperbolic
conservation laws with varying coefficients does not necessarily remain bounded in finite
domains, contrary to the expectation for linear systems with constant coefficients. Here,
some further remarks concerning generalisations of this result are given.
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7.1 Linearized Euler Equations

We start by considering the theory for the linearized Euler Equations which are one of
the most—if not the most—investigated system in computational fluid dynamics. The one-
dimensional compressible Euler equations in conservation form are

09U + 9:F(U) =0, (57)

where U is the state vector of the conserved quantities and F is the flux. Thus,

P m
U=|m|, FO =| pu>+p|. (58)
E u(E + p)

where p is the mass density, m = pu is the momentum, E is the total energy, u is the velocity

and p is the pressure related to U by the equation of state p = (y — 1)(E — p%) using y
for the specific heat capacities. We can rewrite (57) as

U+ AU)o,U =0,

where A = dyF is the Jacobian matrix which has only real eigenvalues and can be diagonal-
ized by the matrix R of eigenvectors. Indeed, A = RAR™!, where A = diag (A1, X2, A3) =
diag (u + ¢, u, u — c¢). Here, c is the speed of sound which satisfies

c(p)?*=p'(p)>0. (59)

As mentioned before, a lot of investigations of (57) can be found in the literature where also
different linearization techniques were used depending on the numerical schemes [9,42,43,
45]. Here, we will focus on this topic and the problems which can appear. This yields us to
some outlook for future research.

Linerization Around a Smooth Solution: An Outlook

We are not considering the full system (58) for a smooth solution, but the trun-
cated/simplified/shortened version [14]

9 p + dx(pu) =0,

1
Ot + udyu + —0,p(p) =0, (60)
0

to explain the problem. Using a Taylor series approach for the linearization around a smooth
solution (p, ) yields a linear system with variable coefficients of the form

0 o p P P

where C depends on (p, u) and their derivatives such that C = 0 if 6 and i are constant.
— <P
)

ps i c(p) ps\ A (Ps\ _
R e R

This system can be symmetrized using pg : p, resulting in
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where C depends on (, i) and their derivatives such that C = 0 if 5 and i are constant. If
we have constant coefficients, this investigation belongs to the case which was already stud-
ied in [20,27,31] and the error remains bounded under the conditions give there. Otherwise,
all entries of C are non-trivial and the equations cannot be decoupled. Already for sym-
metric systems, we get further problems depending on the estimation of the energy growth,
as described in Sect. 7.2. The investigation of the error behaviour for this problem is not
straightforward and should be considered in more detail in future work.

Remark 7.1 As mentioned above, there are different techniques for linearizing the Euler
equations. They depend on the numerical schemes which are used/constructed for these
system. Here, we only mention the approach by Roe [42] about flux difference splitting or
the flux vector splitting in [43]. The linearization is used in the construction of the numerical
schemes in some sense. To follow their ideas together with our analysis about the long time
error behaviour is an alternative ansatz and will also be considered in future research.

7.2 Multidimensional Systems

We consider the linear magnetic induction equation

#B(t,x) =V x (u(t,x) x B(t,x)), te(0,50),x €0, 1),

sin(;rx) cos(my) cos(mwz)
B0, x) =u(t,x) = cos(mrx) sin(ry) cos(wz) , x €10, 1]3, (62)
—2cos(mrx) cos(my) sin(mwz)

supplemented with the divergence constraint div B(¢, x) = 0, cf. [18,25]. This specific
example is taken from [41]. Here, B is the magnetic field and u the particle velocity. Since
u vanishes at the boundary of the domain, no boundary condition is specified. In order to
get a symmetric hyperbolic system, the nonconservative source term —u div B is added to
the right hand side, resulting in an energy estimate if a splitting is used as described in the
references listed above. There are several discrete forms of the equation allowing an energy
estimate [41]. Using the terminology introduced there, the most obvious one uses the same
split form as applied at the continuous level and is called (product, central, split). Another
choice described there is (central, central, central). The implementations of [40] are used in
the following.

Applying both discretisations, SBP FD operators of interior order of accuracy 4, and 403
nodes to discretize the domain yields the results visualized in Fig. 11. As can be seen there,
the form (product, central, split) results in an exponential growth of both the energy and
the error while the other form yields a bounded error. Adding artificial dissipation does not
change the result significantly.

These results are in accordance with the energy estimates (an exponential growth is allowed
as worst case estimate) and the investigations in this article. The main complications for
(product, central, split) are presumably a combination of

— The velocity u vanishes at the boundary and errors cannot be transported out of the
domain; instead, they accumulate.

— While the analytical solution has a bounded energy, the worst case estimate allows an
exponential growth.

— The analytical solution is a steady state which is not necessarily represented exactly by
the discretisation.
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Fig. 11 Errors and energies of numerical solutions of the induction equation

This shows that severe problems can be expected for general symmetric hyperbolic systems
with varying coefficients in multiple space dimensions.

8 Summary and Discussion

In this article, we have conducted an analysis of the long-time behaviour of the error of numer-
ical solutions to the linear advection equation with variable coefficients in bounded domains.
Using flux reconstruction schemes/discontinuous Galerkin methods with summation-by-
parts operators, we provide a detailed analysis of the influence of both the choice of the
numerical flux and the polynomial basis. If boundary conditions are imposed in a provably
stable way using numerical fluxes, the error can be bounded uniformly in time, depending
on the variable coefficient a(x) and the numerical fluxes at the interior boundaries. However,
there can be also an unbounded growth of the error if certain conditions are not satisfied.

Firstly, if the varying coefficient a(x) behaves nicely, inducing a decay of the analytical
solution, the long time behaviour of the numerical error is comparable to the case of constant
coefficients. The application of upwind fluxes at interior boundaries results in a smaller
asymptotic value of the error and this value is also attained faster. Using Gau3—Legendre
nodes results in smaller errors compared to Gauf3—Lobatto—Legendre nodes.

However, if the varying coefficient a(x) induces a possible growth or blow-up of the ana-
lytical solution, the situation is totally different. Of course, if the solutions blows up in finite
time, so does the error. This behaviour is not possible for constant coefficients. Moreover,
there can still be some problems, even if the solution does not blow up. Indeed, the variable
coefficients can trigger a growth of the error that has to be balanced by additional stabilisa-
tion such as upwind numerical fluxes compared to central ones or artificial dissipation, e.g.
in finite difference methods. We have explained this behaviour and have presented several
numerical examples, where upwind numerical fluxes or artificial dissipation result in uni-
formly bounded errors while the errors increase without bound if central numerical fluxes or
no additional dissipation operators are applied.

Finally, in the last section we have extended our analysis of the long time error behaviour
to systems. Here, several problems emerge and we have given an outlook for further research
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topics in this context focussing on coupled symmetric systems with variable coefficients
such as the linearized Euler or magnetic induction equations. As can be seen there, further
problems can arise for general symmetric hyperbolic systems in multiple space dimensions,
even if energy stable discretizations are used.
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Appendix
Technical Explanation of the Investiagtion in Sect. 4

We presented the ideas how to reach (35) from (31). Applying the interpolation operator
together with discrete norms results in'?

+{{or @b o) - (ar¥ah). ) ] (32)

1Y ) = 3 (1 ) 00t
5 [l b aet) - (At o) | @)

1
(a4 061 ), o) = 3 (@06l ), o)

0| —

1 k Nk k k N k k
5 (oot o) - (darteh. o) o e
1 N k k k\ _ 1 N k k  k
5 (Mahseat. of) = 3 (Mad)aeat o)
Lprn, k k k N, k Kk k
+5 {(]1 W)deak, >— (]I Wh)ded, ¢ )N} (65)
It is well known [5, Section 5.4.3] that the integration error arising from the use of Gauf3

quadrature (Gaufi-Legendre and Gaul—Lobatto-Legendre) decays spectrally fast. Indeed,
forallgp e PN andm > 1,

(0, @) = @, @] = CN " lul g1y pll@lea 1.

where C is a constant independent of m and u. The curly brackets of (32), (63)—(65) have to
be reformulated. Using

12" Since "X PN and if a = 1, the volume term is

(HN(uk)’ Bwk> _ (HN(uk)’ Bsfk,T)N _ EkQT@IN(uk)

and also the terms (63)—(65) simplify and can be brought together, see inter alia [20] for details.
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(1" @by, o) - (ar¥ah). of) = <a, (b = Py (Y ah))), ¢k>

=0®k)

_ (at <]IN W) — P, (]IN (uk))> ,gk) . (66)
B S N

where Py/_, is the orthogonal projection of u onto PN=1 using the inner product of H™ (¢*),
gives a new formulation for (32). The projection operator is defined by the classical truncated
Fourier series PY 1y = Z,ICV:_Ol it Py up to order N — 1 where Sobolev type orthogonal
polynomials {®;} are used as basis functions in the Hilbert space H” (e¥). The coefficients
are calculated using the inner product of H" (eX) given by

Z/ (x)dx

For more details about the projection operator and about approximation results, we strongly
recommend [5, Section 5] and also [2,3]. An analogous approach as (66) leads to terms
with Q; for (63), Q> for (64) and Q3 for (65). The Q; measure the projection error of a
polynomial of degree N to a polynomial of degree N — 1. Since u and a are bounded, also
these values have to be bounded. This values can be introduced and finally one obtains (35).
Later, in this section the error of the fluxes hase to be calulated. We obtain for the left and
right boundary:

et <fnum1_% £E1>=—Ei(<ai0+2El o LE;>—aIL2Ei>
- 2 (g))”

right: E (f"”m K_ %angg) = Ef ((afo +2E§ + ;oa§E§> - %)
- 75 (e8)

Technical Steps of the Development in Sect. 5

Here, we are presenting the main steps to reach (48).

S5 (" ), o) + ;(d‘HN(uk)wk

-~ — <akJIN "), Bs¢k> + <3sﬂN "), ak¢k>

1
1
)*zV“ﬁ%ﬁ)
-1

-1

Axy 1
+ <3sak,<pkHN(u")>> =-= (el o) 5 (akS’,‘,w"

1 1 k k k
_§<8$sp,a <p> §<(p sp,aga >

Integration-by-parts yields

1
—5 (akef,gok

1

1
— (akef,, 3§¢k>) = —5 <8§ (aké?];), §0k>.
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With (32),(63)— (65), one obtains
Ak (aw, Ek)N TR (fnum k (HN(uk)— HN(uk)+> ; (E\ak) , <&>)

TR (fnumk<]IN(uk)— ) - ;(M)(&)))
=k (ah)
3 (@0 ) 4 g (A 2), 4 5 (e et

Axk <

1

1
4 <2ak]IN(Mk)(ﬂk

-1

N

Py o)+ S (01, et

* ﬂ{ (Quh. o), — (Queh). 09"+ (Qawb.d'e")

+ (0ud", 2a0h)et) ] (47)

with
A 1
T(uk) = —{8,81; + 3 <8x (akel;) + sll{,axakaxs’;)
1
+5 (0wh +a* 02 + 03h)orat) }

We transposed every term in (29) and subtracted it from equation (47). Using 8’1‘ =1V k) —
U* yields

S5 ) (1 () (05 ()

#ebh g (ebngt), o g (rehiaet) 45 (et o),
= S, )+ T (016, )+ 4] (2w o)
— (Quut)apt) + (o) a' k) + (0uah 26het) .

Putting ¥ = 8]f results in the energy equation similar to (37):

S St TR (1 (e o) - 5 (Ret) - (2e))

1 1
k, k k _k k k _k k _k_k
+ &(a )_*<“7781s35§1)1v+§(358 a 81>N+5(352v§1§1>1v
Axk Axy
= (T ). >+—(Q1(uk>,axef>

+ 2 (00 &)~ (@i aieh) 4 (a0 dbeh) + (et @3t -

Ok
Together with (38), one obtains
Axp d

S St + TR (1 (e o) - 5 (Ret) - (k)

reb@) + 3 (et eeh) = S (Rt o)+ 2 (oiwhy, o)+ 04 (67)
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1604

Summing this up over all elements results in

K
PO |1I|N+Ze TR B( 1 (b o)

A A
Xk(aa skg’f) +Z xkg;zc( )

2

1

(e () +

25t )+

M=

1

w-
Il

201, ek + g 0*

M=

k

MN ol —

k=1
Applying the same approach like in Eqs. (41)—(42) and the fact that g; € PV, itis||d,&¥||%, <
c1N?||eX| |3 and we get finally (48).

Calculating the Fluxes from Table 2
%: One obtains

— Split central flux f™™(u_,uy) =
1 1 2 2
(d Eh ! abmy) (B —BE) — ( IR )

ek (k1))

2
= 5 (o (B) o eLEy ot
- ( e - d (Eg)z) — BB (af —ai ) =0
and
lefi: —E} (f/*"™' - talE}) = -E} (%E‘L - %E}) =0,
right: Ef (f3"™* = a§Ef) = § (Ef)’ (af —af) =0.

— Edge based upwind flux f™™(u_,u_) = a(x)u_:1Itis

wm (=) (o () ()
(e (o) -t (m2))

1 p)ERERT — 3

2

= a"(xp) (EIIC{]) —a
k k ok k—1pk—1

R >+ <LEL_aR_ER_)

= (Ell‘;]>2 (akil(xR) %a

i [=

-2

and
. 1 1
teft: —EL (£~ JalE}) =} (B})af
K K
o8 (5 L) - (o5 4) = w37 ().
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— Split upwind flux f™™(u_,u_) =a_u_:1Itis

1 2 2
k—lgk—1 (k=1 _ gk k=1 (yok—1 k (yk
ag Ep (ER _EL>_§<“R (ER ) —aL (EL)>
Lkt (pk—1)? =tk pk—1 |k (vk \> Lo pk—172
=§<aR (E") — 20 'ELEL ! + df (Ef) = Sak (5]

where we used in the last step the assumption about the exactness of the interpolation
and the continuity of a. At the boundaries we get

a
left: ElL)2 ,

s Nl

(
K
right: TR (E’,g)z
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