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Abstract This work examines the development of an entropy conservative (for smooth solutions) or
entropy stable (for discontinuous solutions) space-time discontinuous Galerkin (DG) method for sys-
tems of nonlinear hyperbolic conservation laws. The resulting numerical scheme is fully discrete and
provides a bound on the mathematical entropy at any time according to its initial condition and bound-
ary conditions. The crux of the method is that discrete derivative approximations in space and time
are summation-by-parts (SBP) operators. This allows the discrete method to mimic results from the
continuous entropy analysis and ensures that the complete numerical scheme obeys the second law of
thermodynamics. Importantly, the novel method described herein does mot assume any exactness of
quadrature in the variational forms that naturally arise in the context of DG methods. Typically, the de-
velopment of entropy stable schemes is done on the semidiscrete level ignoring the temporal dependence.
In this work, we demonstrate that creating an entropy stable DG method in time is similar to the spatial
discrete entropy analysis, but there are important (and subtle) differences. Therefore, we highlight the
temporal entropy analysis throughout this work. For the compressible Euler equations, the preservation
of kinetic energy is of interest besides entropy stability. The construction of kinetic energy preserving
(KEP) schemes is, again, typically done on the semidiscrete level similar to the construction of entropy
stable schemes. We present a generalization of the KEP condition from Jameson to the space-time frame-
work and provide the temporal components for both entropy stability and kinetic energy preservation.
The properties of the space-time DG method derived herein are validated through numerical tests for the
compressible Euler equations. Additionally, we provide, in appendices, how to construct the temporal
entropy stable components for the shallow water or ideal magnetohydrodynamic (MHD) equations.
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1 Introduction

In this work, we focus on the numerical approximation of nonlinear systems of hyperbolic conservation

Z 8% 0, (1.1)

where u is the vector of conserved variables, f;, i = 1,2, 3 are the physical flux vectors in each direction,
and (z1,x2,23) = (z,y, 2) are the physical coordinates. State vectors, e.g., u, are of size p depending
on the number of equations in the system under consideration. The conservation law is subject to

laws

appropriate initial and boundary conditions. It is well known that additional conserved quantities exist
that are not explicitly built into the hyperbolic system of partial differential equations (PDEs) . One
such quantity is the mathematical entropy. For gas dynamics, a possible mathematical entropy is the
scaled negative thermodynamic entropy, which shows that the mathematical model correctly captures
the second law of thermodynamics. For smooth solutions of , the entropy is conserved and decays
for discontinuous solutions, e.g., [25,44].

On the mathematical level, we define a strongly convex entropy function s = s(u). We then define a
new set of variables

Js

that provide a one-to-one mapping between conservative space and entropy space [42]. If we contract
(1.1) from the left with the entropy variables, we find that

3
ou afL
r (at + ax_> =0. (1.3)
i=1 "

From the definition of the entropy variables, we know that

70u  0Os
w _

a —_— a. (1.4)

Next, an appropriate entropy flux is found from compatibility conditions between the entropy variables,
the physical flux Jacobians, and the entropy flux Jacobians [1142,43] such that

T 3 3 s\ T 3 s
Z _(9s ofi du _ 3 ff " ou _ N~ Ofi (1.5)
8332 ou o ou dx; —~ ou ox; —~ ox;

This generates appropriate entropy/entropy-flux pairs (s, f7), i = 1,2, 3, e.g., [25,[36,42] and gives the
entropy conservation law

Z ?)iz =0, (1.6)

for smooth solutions that becomes an inequality for discontinuous solutions. For scalar hyperbolic PDEs,
the square entropy s(u) = u2/2 is a possible choice for an entropy function and directly leads to L?
stability, e.g., [2I]. For gas dynamics, under appropriate physical assumptions like the positivity of
density, the continuous entropy analysis provides insightful L? stability estimates on , e.g., [14,125,
43].

We see that a key part of the manipulations to contract into entropy space is the chain rule (1.5)).
Unfortunately, when we move to the discrete analysis, the chain rule is lost and special care must be
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taken to recover it. To demonstrate the idea, we first apply the product rule, on the continuous level,
and rewrite the condition (1.5 to be

T T T T
3] f s 0 f s
WO (ow\ e 0(wE) _or  (ow)\ O(wf) of (1.7)
oz ox ox oz ox oz Oz
Next, we consider a one-dimensional finite volume discretization of the form
auk 1 n,* n,*
— 4+ — |, =" =0. 1.
ot | Az [ k3 ké] (18)

Here, uy is the mean value of the solution on a given cell k (denoted with an integer index). The finite
volume scheme also introduces numerical fluxes £, /2 at the cell interfaces (denoted with half-integer
indices). For complete details on finite volume schemes see, e.g., LeVeque [33]. In the pioneering work of
Tadmor [43], it is precisely in the design of the numerical flux function where we can recover the chain
rule as well as the entropic properties discretely. In the finite volume context, a discrete version of the
condition , by replacing the derivatives with finite differences, is

(W1 —wi)” ¢ ((Wk+1)T Fr1 — (wi)" fk) Cfi f,g‘.

_ 1.9
Ax k+% Ax Ax (19)
If we multiply through by Az, then ([1.9) becomes
(Wip1 —wi)" f1= ((Wk+1)T fr1 — (wi)© fk) = (fiyr = f2) (1.10)
2

which is exactly the discrete entropy conservation condition for a numerical flux originally developed
by Tadmor [43], albeit constructed from a different prospective. Interestingly, to discretely recover the
chain rule, we actually examine it in terms of the discrete product rule. Over the ensuing decades many
researchers extended these low-order spatial methods to high-order spatial approximation with particular
finite volume reconstruction techniques, e.g., [18,[32].

In 2013, the work of Fisher and Carpenter [I5] opened a new avenue for discrete entropy analysis in
the context of high-order numerical methods. They demonstrated that as long as the discrete derivative
matrix satisfies the summation-by-parts (SBP) property [11,21,3I] (a discrete analogue of integration-
by-parts) the low-order entropy flux of Tadmor could be extended to high spatial order [I5]16]. These
seminal works of Fisher and his collaborators opened a floodgate of new research into the construction
of high-order entropy stable numerical schemes on quadrilateral /hexahedral elements, e.g., |[2l23,47], or
on triangular/tetrahedral elements, e.g., [6lOl[I0]. These recent publications feature a wide variety of
physical applications such as oceanography, gas dynamics, and plasma flows.

However, there are still questions in the high-order discrete entropy community. Often, the entropy
analysis of a numerical method is performed on the semidiscrete level, e.g., the simple finite volume
scheme . That is, the temporal approximation is left separate such that the entropy conservation
of a scheme is stated in the limit of a shrinking time step for an explicit time integration method, e.g.,
[2|[51[61[91[10)[17]. However, we already noted in the continuous entropy analysis the importance of the
chain rule (1.4). Thus, we perform a similar low-order analysis on the temporal term. First, we apply
the product rule to rewrite

pou _(ow\" L 0(wha)  os ow\" 9w os
Voot T (at) "t Ta — \a ) YT a o

If we discretize the temporal part of (1.8) with finite differences and multiply through by At, the chain
rule condition at a given temporal interface becomes

T 1 T
(Wit = wi) (u*>Z+2=<(wz+1) uz“—(wz)Tuz)—(sz“—sz), (1.12)
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where the index n denotes at which time level the variable lies. Notice, this introduces the need for a

x\n+1/2
()™

numerical state function for at the time interfaces.

The design of such numerical state functions in time for a given conservation law is a one focus of
the current paper. The notation to perform this discrete analysis is simplified if we introduce the en-
tropy/entropy flux potential pairs [44]

(6, ) = (wTu—s, wrE; —f;), i=1,2,3. (1.13)

Due to the strong convexity of the entropy function s(u), the pairs (1.13) act as the Legendre transforms
of the entropy/entropy flux pairs. In this way, we find that the entropy conditions for the temporal and
spatial variables are

n+1 n T * n+l n+1 n
(w,C —wk) (u )k 2 (k —¢k~)7

(WZ+1 - WZ)T (f:):+§ = ((w1)2+1 - (%)Z) ) 1= 1)2737

(1.14)

=

respectively.

Herein we consider a nodal discontinuous Galerkin method in space. We already noted that the key
to discrete entropy conservation in the spatial components is to design DG operators that possess the
SBP property needed to mimic the continuous analysis. Such operators are naturally obtained when
using the Legendre-Gauss-Lobatto (LGL) nodes in the nodal DG approximation [2I]. This enables the
construction of high-order DG methods in space that are entropy conservative (for smooth solutions) or
entropy stable (for discontinuous solutions) without the assumption of exact evaluation of the variational
forms. Alternatively, there are high-order entropy conservative (or stable) space-time schemes available,
e.g., [13,18]. However, they assume exact integration of variational forms in the space-time formulation.
This is problematic because aliasing errors introduced by inexact quadratures are unavoidable (or at
least cannot be avoided in practical simulations) for commonly examined conservation laws like the Euler
equations, e.g., [23)37]. So, the design of numerical methods that are entropy conservative/stable in a
full space-time domain is an important step in the development of thermodynamically aware numerical
methods.

The main focus of this work is to apply a similar nodal DG ansatz with the SBP property to the temporal
approximation and ensure that the fully discrete space-time discontinuous Galerkin spectral element
method (DGSEM) remains entropy stable. The discrete entropy analysis for the spatial components
has been studied by many authors and is well understood as previously discussed. In the temporal
analysis, we will derive appropriate numerical state functions for the vector of conservative variables u
from the condition in . Several authors have used SBP operators to construct temporal derivatives
that lead to energy stability for linear problems [335,38]. We generalize this SBP stability analysis to
nonlinear problems. Additionally, this work presents, for the first time, a fully discrete entropy analysis to
approximate solutions of general nonlinear conservation laws with inezact numerical integration.
In particular, this work focuses on the temporal component of a space-time DG scheme, but we note
that the proofs presented herein carry over to any diagonal norm SBP method, such as those found in
the finite difference community [11,15].

The space-time discontinuous Galerkin (DG) method that is the focus of this work is built from a
variational formulation. Thus, we seek an integral statement of the continuous entropy analysis, such
that we can clearly mimic the continuous steps in the discrete entropy analysis. As such, we consider a
spatial domain {2 C R3 and time interval [0,T] C R™T. Next, we integrate over the space-time domain

to obtain
af i
—dth+ E -V dt = 0. (1.15)

20
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Next, we apply the fundamental theorem of calculus on the temporal term and apply the divergence
theorem to the spatial terms

T 3
/(s(m,sz,T) —s(z,y,2,0)) dV + / / fon, dSdt =0, (1.16)

0 0 90 =1

where n;, ¢ = 1,2, 3 is the appropriate normal direction at the physical boundary. Rearranging terms
and allowing for possibly discontinuous solutions, we obtain the integral statement of the continuous
entropy inequality

T 3

/s(x,y,z,T) dv < /s(m,y7z,0) de/ > fingdsat. (1.17)
0

1?) o an =1

So, we see that the entropy at a given time 7' is bounded by its initial value provided proper boundary
conditions are considered.

The construction of discrete entropy stable schemes for the compressible Euler equations is particularly
important to ensure the validity of the second law of thermodynamics. However, the discrete evolution of
the entropy isn’t the only auxiliary quantity of interest for these equations. In the turbulence community,
the discrete kinetic energy evolution is also essential for the robustness of simulations, e.g., [L9]. Numerical
schemes are deemed kinetic energy preserving (KEP) when, ignoring boundary conditions, the discrete
integral of the kinetic energy is not changed by the advective terms, but only by the pressure work [28].
The development of such semidiscrete KEP schemes has been performed for low-order finite volume
schemes [28,[39] as well as in the high-order DG context [23]. An additional result of the space-time DG
analysis in this work is the generalization of Jameson’s KEP condition for the temporal components of
the approximation. In particular, we develop KEP conditions for the construction of the numerical state
function, (u*)Z+1/ 2, at a temporal interface.

The remainder of this work is organized as follows: we provide a brief introduction to the general form
of the spatial DG approximation in Section [2] In particular, Sections and [2.2] introduce the most
important operators of the scheme such as the discrete derivative matrix. The new SBP temporal analysis
for nonlinear systems is given in Sec. This provides detailed derivations of the numerical state values
in time and demonstrates their relation to the classical entropy analysis of Tadmor. The new entropy
conservative/stable space-time DG method is developed in general. Thus, we present in Section details
of the temporal analysis as well as the kinetic energy preservation properties of the approximation for the
compressible Euler equations. Next, we present numerical results in Section [4]for the Euler equations to
verify and validate the theoretical derivations described herein. Concluding remarks are given in Section
Finally, we also provide details for the temporal extensions of the shallow water and ideal MHD
equations in the Appendices [A] and [B] respectively.

1.1 Nomenclature

The notation in this paper is motivated by the compact nomenclature presented in [22]. In particular,
the following terminology are used:

PE Space of tensor product polynomials of degree < K = M; N

X Polynomial Interpolation operator for K = M; N

N
DM , DV Derivative projection operators defined in Section
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t Time coordinate
T Time coordinate in the reference domain [—1, 1]
(z,y,2) Physical spatial coordinates
&,m,0) Spatial coordinates in the reference domain [—1, 1]3
v Vector in three-dimensional space
T =ni12 + naf +n3k Physical space normal vector
n= leé + ’leﬁ + ASCA Cartesian space normal vector
u Continuous quantity
U Polynomial approximation
o 2
f, f Block vector of Cartesian and contravariant flux
B Matrix
B Block matrix

2 The space-time discontinuous Galerkin spectral element approximation

The compact block vector nomenclature in [22] simplifies the analysis of the system (1.1) on curved
hexahedral elements in three spatial dimensions. Thus, we translate the conservation law (1.1 in block
vector notation. A block vector is highlighted by the double arrow

- (f{,f;f,fg)T. (2.1)

Two dot products can be defined for block vectors. The dot product of two block vectors is given by

Ed
fg:=> flg. (2.2)

=1

Additionally, the dot product of a vector in the three-dimensional space and a block vector is defined by

>
TJ) . f = Z’szz (23)

i=1

The dot product (2.2)) is a scalar quantity and the dot product (2.3) is a vector in a p dimensional space,
where the number p corresponds to the number of conserved variables in the conservation law (1.1). The
spatial gradient of the conserved variables is defined by

T
.
Veu:= (ug, ug, u:{) . (2.4)

The dot product (2.2) and the spatial gradient (2.4) are used to define the divergence of a block vector
flux as

- < 3 afz
Ve f = ; e (2.5)
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With these notations, we state the conservation law (1.1)) in the following compact form

%—‘t‘+6’x~?:0. (2.6)

To set up the space-time spectral element approximation, we subdivide the time interval [0, 7] into K1
non-overlapping intervals I, := [tn,t"+1] with cell length At™, n = 1,..., K. These time intervals
can be mapped into the temporal computational domain £ = [—1,1] by the affine linear mapping
t=mn(r) = %n (T4 1) + t". The physical domain {2 is subdivided into Kg non-overlapping and
conforming hexahedral elements, ex, k = 1, ..., Kg. These elements can have curved faces to accurately
approximate the geometry. The temporal and spatial elements provide the space-time elements &, j, :=

I, X e;. Each spatial element ey is mapped into the spatial computational domain E3 = -1, 1]3 with a
mapping T = X ({)7 where ¥ = X121 + X222 + X323 and the hats represent unit vectors. Likewise,

N . .
the reference element space is represented by & = £€ 4 17 + (. The spatial mapping supplies the three
covariant basis vectors

- OX .
a; = gt 1=1,2,3, (2.7)
and the (volume weighted) contravariant vectors
ali= a; X dy, (i,4,k) cyclic, (2.8)

where the Jacobian determinate of the spatial mapping is given by
J =17, (dj X @), (4,4, k) cyclic. (2.9)
Additionally, the contravariant coordinate vectors satisfy the metric identities

3 a(Jaz-) )
ZT&‘ =0, j=1,23. (2.10)

i=1

In [22], the following block matrix has been introduced to transform the spatial gradient (2.4) and the
divergence (|2.5))

JarZ, Jail, JaiT,

M = |Ta3T, Ja31, Ja3l,

jazl?,zp Jang jaglp

, (2.11)

where the matrix 7, is the p X p identity matrix and ja;», 1,J,=1,2,3, represents the j-th element of
the i-th contravariant coordinate vector 7 @*. The transformation of the gradient becomes

L
J

by the block matrix (2.11). Moreover, by taking advantage of (2.10), the transformation of the divergence
can be written as

MVu (2.12)

N
Vzu=

L
J

Hence, the contravariant block vector flux is given by

- A - T2
Ve f=_-Ve- MF. (2.13)

peg “
f=m"rt. (2.14)

Finally, the chain rule formula provides the identity

ou Atou Ou 2 Ou
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Thus, for each space-time element &, 1, the system (2.6) transformed into the conservation law

0 At 9
ja—‘; +5 Ve =0, (2.16)

In the following sections, a space-time approximation for the system (2.16) is derived.

2.1 Modules for the spectral element approximation

In the space-time discontinuous Galerkin spectral element approximation, the solution and fluxes of
the system (2.16) are approximated by tensor product Lagrange polynomials of degree N in space and
Lagrange polynomials of degree M in time, e.g.,

u(r,)~U(r,-) € PN(E3) , for fixed 7 € E, (2.17)

and additionally
u ( Z’) ~U ( E’) e PY(E),  for fixed € € E°. (2.18)

The one-dimensional Lagrange polynomial basis for the temporal approximation is computed at M +
1 Legendre-Gauss-Lobatto (LGL) points. The three-dimensional tensor product basis for the spatial
approximation is computed from a one-dimensional Lagrange polynomial basis with nodes at N +1 LGL
points. The nodal values of the space-time approximation are represented by u (7o, &, 1, Ck) = Ugij,
c=20,...,M and 4,5,k = 0,...,N. Moreover, we introduce for all 7,£,n7,{ € FE the space-time
interpolation operator

M N
IVME) (1,6,10,0) =D Lo (1) Y Li(€) 4 (1) (C) Foiji (2.19)

=0 i,5,k=0

Derivatives are approximated by exact differentiation of the polynomial interpolants. It should be noted
that differentiation and interpolation do not commute [4/[30]. In general, it is (]IK (g))/ £ 151 (¢), K=
M ; N. The geometry and metric terms are not time dependent. Hence, these quantities are approximated
using spatial polynomial basis, e.g.,

T~Je PN<E3) . (2.20)
However, the contravariant coordinate vectors need to be discretized in such a way that the metric

identities (2.10) are satisfied on the discrete level, too. Kopriva [29] introduced the following discretization
for the contravariant basis vectors

Jab = —i; - Ve x (HN(XNSXB)) . i=1,2,3, a=123, (af,7) cyclic. (2.21)
This discretization ensures the discrete metric identities

- oL (Jaj) —0 = 1,2,3 9.92
> —ger =0 =123 (2.22)

i=1

Thus, in order to guarantee that the spectral element approximation discretization respects the free
stream preservation property, we need to discretize the contravariant basis vectors in the block matrix

1D by @20

Temporal integrals are approximated by a 2M — 1 accurate LGL quadrature formula and a tensor
product extension of a 2N — 1 accurate LGL quadrature formula is used to approximate the spatial
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integrals. Hence, interpolation and quadrature nodes are collocated. In one spatial dimension, the LGL
quadrature formula is given by

1

K K
/g O~ wg&) =) wigi, K=M;N, (2.23)
=0 =0

-1

where w;, @ = 0, ..., K, are the quadrature weights and &;, ¢ = 0, ..., K, are the LGL quadrature points.
The formula (2.23) motivates the definition of the inner product notation

N M N M
(F, Gy i= Z Wi Wy, (Z ng(yijkGoijk> = Z Zwawiij(rijkGoijk7 (2.24)

i,5,k=0 o=0 i,j,k=00=0

for two functions F and G. We note that the inner product (2.24) satisfies

<HNXM(F) "‘°>NxM = (F, @)y (2.25)

for all test functions ¢, which are tensorial polynomials up to degree /N in space and polynomials up to
degree M in time. In addition, we introduce the notation

(F,G)y|ly = (F,G)yl,_, — (F,G)y|,__, (226)
with
N N
(F,G)yl, _q = Z wijkF i Goarigr, (F,G)yl—_, = Z wijkFoijrGoijr (2.27)
4,5, k=0 4.4, k=0

to approximate the spatial integrals at temporal interfaces. A further discrete quantity for the space-time
discretization is defined by

OE3,N

wik (F2)ginge = (F2)gi01) (2.28)

Wij ((FS)m‘jN - (FS)UUO) } ’

where 7 is the reference space unit outward normal at the faces of E3.

The spectral element approximation with LGL points for interpolation and quadrature provides a
summation-by-parts (SBP) operator Q@ = M D with the mass matrix M and the derivative matrix
D |21] where the LGL quadratures are 2K — 1, K = M; N, accurate and two of the LGL points match
with the cell boundary points of the reference cell [—1,1]. The mass matrix and the derivative matrix
are given by

Mij = widij, Dij :Eg- (&) i,7=0,...,K =M;N, (2.29)

where d;; is the Kronecker symbol, {¢; }f:OM;N is the Lagrange basis and {&i}f{::OM;N are the LGL

points. The important characteristic of this SBP operator is the property

0+ 0" =8, (2.30)
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where B = diag(—1,0,...,0,1), e.g., [IL,31]. The SBP property (2.30) is the essential ingredient to
prove the entropy stability of our numerical method.

Finally, it is worth noting that the spatial ansatz without the temporal terms leads to
a semidiscrete high-order nodal discontinuous Galerkin spectral element method (DGSEM). There are
many recent publications, which detail the construction of an entropy stable DGSEM for conservation
laws in the semidiscrete framework, e.g., [2l[51[61[01[10,23].

2.2 The space-time discontinuous Galerkin method

Now, we apply the notation introduced in Section [2.1] and construct a space-time DGSEM. First, we
replace the solution, fluxes and spatial Jacobian 7 in the system by polynomial approximations
and multiply the system with test functions ¢. The test functions are tensorial polynomials up to degree
N in space and polynomials up to degree M in time. Next, we integrate the resulting system over a
space-time element &, ; and use integration by parts to separate boundary and volume contributions
in time and space. The integrals in the variational form are approximated with high-order Legendre-

Gauss-Lobatto (LGL) quadrature. Then, we insert numerical surface states U™ at the temporal element
Exd

interfaces. Likewise, we insert numerical surface fluxes F* at the spatial element interfaces. Afterwards,
we use the SBP property for the temporal and spatial volume contribution to get the space-time
DGSEM in strong form. Finally, since we are interested in the construction of an entropy stable method,
we apply the same approach as for the semidiscrete DGSEM [2[5[6101[10,23] and replace the interpo-
lation operators in the temporal and spatial volume contribution by derivative projection operators.
The derivative projection operators are defined by numerical volume states/fluxes denoted with a “#”
symbol.

The temporal derivative projection operator is defined by
M
C
DMUZG =2 DooU” (Ugiji, Uniji) , (2.31)
6=0

where the state U? is consistent, symmetric and satisfies the discrete entropy conservation condition
(1.14) in the nodal values such that

[[Wﬂ(Ta,a)ijk U” (Ugijn, Ugigr) = 2] 0,0yi5k » (2.32)
for 0,0 =0,...,M and 4,5,k =0,..., N, where
$:=W'U-S, (2.33)
and the volume jumps in are defined by
[lo0ijne = Coije = oijn - (2.34)

The quantity W represents the polynomial approximation of the entropy variables (1.5)).

For now, we keep the analysis general. In Section [3.1] we construct a temporal volume state function
for the compressible Euler equations and in Appendices [A] and [B] we construct temporal volume state
functions for the shallow water and ideal MHD equations, which respect the condition (2.32).
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The spatial derivative projection operator is more complex, since the discretization of the metric terms
must be taken into account. A suitable derivative operator was introduced in [22] and is given by

TN, %Egk =9 i Dim (ﬁEC (Usijks Usmiik) - {{Ja)l }}(i,m)jk>

m=0

+Djm (ﬁEC (Usijks Usime) - {{J&’Q }}i(]‘ym)]) (235)

+ Dim (ﬁEC (Uoijks Uoijm) - {{‘mg }}ij(km) ’

with the volume averages of the metric terms, e.g.,

W = 5 [+ O] (2:36)

where the average is only done in the spatial directions as the metric terms are constant in time. The
TEC EC pEC pEC\T . . .2 .
flux F=~ = (F1 ,Fy™ F3 ) is consistent with F' and symmetric such that, e.g.,
<~ e
EC EC
F (Uaijk7 Ua'mjk) =F (Uamjk7 Ua'ijk) ) (237)

forc =0,...,M and 4,j,k,m = 0,..., N. Furthermore, as in the work of Gassner et al. [22], the flux
functions FFC, I =1, 2,3, satisfy Tadmor’s discrete entropy condition

T EC
[[W]]a(i,m)jk Fy (Uaijk’ Uamjk) = [[lplﬂa(i,m)jk ’

[[W]]Zi(j,m)k FI° (Ugijis Ugimi) = [ iy » (2.38)
[W1ass k) FLC (Uoisis Usigm) = [¥] 45 (km) »
where
U, =WTF, —F, 1=1,23, (2.39)
and the volume jumps, e.g.,
Ulomyie = Ooijie = Oomir - (2.40)

There are several available entropy conservative flux functions with these properties, e.g., [727] for the
Euler equations. In particular, if we take the test function to be the interpolant of the entropy variables,
@ = W, we obtain from the SBP property and the same arguments as in the semidiscrete case
[22, Appendix B.3] the identity

<>
<DN-FEC,W> - / <Fn1> ds, (2.41)
M

NxM
OE3 N

- =
where F := F?® . n. That is, the volume contributions of the spatial entropy conservative DGSEM
become the discrete entropy flux on the boundary.

Finally, for each space-time element &, ; and all test functions ¢, the space-time DGSEM can be written
in the following compact variational form:

Ar(U, ) + As (i? so) o, (2.42)

<~
where the temporal part A7 (U, ) and the spatial Ag (F, <p> of the space-time DGSEM are defined
by

Ar(U,p) = (/DYU* ) (I (U -U) e, (2.43)
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b4 At /=N ZEc At T (g %
Ag (F, ga> = — <ID> -F™ + — / ¢ (Fp—F;),1) dS. (2.44)
; otz ] (@ F) )

The flux F, in ([2.44) is defined by
3

3 (Ja’l) Al

=1

~ g >
F,=(37) - F=) a (JallF1 + JdyFy + Jaé,Fg) - {M F} R, 8= (2.45)

=1

To specify the state functions in and the numerical surface flux functions , we introduce
notation for states at the LGL nodes along an interface between two temporal intervals and two spatial
elements to be a primary “—” and complement the notation with a secondary “+4” to denote the value at
the LGL nodes on the opposite side. Then the orientated jump and the arithmetic mean at the interfaces
are defined by

[1:=04-0_, and {}}:= % [+ ()] (2.46)

When applied to vectors, the average and jump operators are evaluated separately for each vector com-
ponent. Then the normal vector 7 is defined unique to point from the “—" to the “+” side. This notation
allows for the consistent presentation of the temporal state functions U* and the spatial numerical sur-
face flux functions. A temporal state function with the property is not a computationally tractable
option, since it couples all the time slabs. The only feasible choice as a temporal numerical state is the
pure upwind state function U* = U_, as it is the only flux that decouples the time slabs. In the following,
we proceed analogous to [26] and demonstrate that the upwind state function satisfies the inequality

W]t u* < [9]. (2.47)
We define the function
O 0W) =d(W (@), W () :=90W4 4+ (1-9)W_, ¥ €10,1]. (2.48)
It follows by the chain rule

R
OW?2

d’e
a0z (W —Wf)T [

} (Wi -~ W_) >0, (2.49)

since for any conservation law with a convex entropy function of W it holds that

(2.50)

e U _[owW]h (8757
OW2 W | 90U - |ouz ’

from the definition of the entropy potential ¢ [44]. Therefore, the function © is convex in ¥ and the
function % is a monotonically increasing function of 1. This results in the estimate

BW,) - B(W)=6(1)-6(0) =T >W. W)U, (2.51)
since it follows by the chain rule

o _ _ 7 02(W@W)| _ N T

@, . = (Wi -W_) W e =Wy -W_) U_. (2.52)

Thus, the upwind state function satisfies the inequality (2.47).
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The contravariant surface numerical fluxes are computed from the entropy conserving Cartesian fluxes
F?C, l=1,2,3, as follows:

F; =3 (mF?C + naF5° + n3F§C) . (2.53)

The definition of the numerical surface flux functions (2.53) produces the equality

Krp n
> ¥ ATt / <[[W"’k]]TFZ’k’* - H(W”vk)Tngkﬂ + [#2] ,1> ds =0,  (2.54)
n=1 Interior OE3 N M
faces
by the same arguments as in [22) Appendix B.2|. However, in order to obtain an entropy stable dis-
cretization for discontinuous solutions, an additional matrix dissipation operator needs to be added to
the entropy conserving flux functions F}EC, [l =1,2,3. Then, the Cartesian fluxes are computed by

1
FPS .= FEC — SR A TIRE W], 1=1,2,3, (2.55)

the quantity Ry |A;| T R{, | = 1,2,3, represents a positive semidefinite matrix dissipation operator.
The matrix R; contains the averaged right eigenvectors of the flux Jacobian, the corresponding absolute
values of the averaged eigenvalues are contained in the diagonal matrix A; and the diagonal matrix 7;
is a scaling matrix (see [I] for details). We note that the matrix dissipation operator is computed in the
same way as for the semidiscrete DGSEM. Dissipation matrices for the Euler equations can be found in
[22, Appendix A]. Then, the contravariant surface numerical fluxes are computed by replacing the fluxes
F;EC with FZES in . When the fluxes FZES7 [ =1,2,3 are used to compute the contravariant surface
numerical fluxes, the identity becomes an inequality bounded above by zero.

Remark 1 For the MHD equations, the spatial part must be altered because a nonconservative
term is necessary to build an entropy stable method, see Bohm et al. for details [2]. In Appendix
the correct spatial part for the MHD equations is presented. By replacing with the appropriate
terms, a space-time DGSEM to solve the ideal MHD equations can be constructed.

2.3 Discrete entropy analysis

The spatial integral of the entropy is bounded in time on the continuous level. Thus, it is desirable that
a numerical method is stable in the sense that a discrete version of this integral is bounded in time, too.
Methods with this stability property are called entropy stable methods.

In the context of the space-time DGSEM, we are interested to find an upper bound for the quantity

S(U(T)) := is: <5 (UKT=’“) ,Jk>

. 2.56
Nlr=1 ( )

We note that (2.56) is a discrete version of the spatial integral on the left of the continuous inequality
(1.17). The discrete upper bound should depend on a discrete contribution from the boundary faces and
the initial quantity of the entropy

S (u(0)) = i <s (ul’k> ,J’“>N
k=1

where u 1= u” (0) is the initial condition prescribed to the conservation law in the spatial cell
€k, k= 1,...,Ks.

; (2.57)

T=—1

1,k|
T=—
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Theorem 1 (Entropy stability). Consider the space-time DGSEM with Dirichlet boundary condi-
tions in time and periodic boundary conditions in space. Assume that the temporal numerical states
are upwind flures U* = U_ and assume that the spatial numerical surface fluzes ];";kl are computed
by , Then the space-time DGSEM is entropy stable.

Proof. We choose ¢ = W as a test function in the equation (2.42) and sum over all space-time elements.
This results in the identity

Kr Kgs

>3 (AT (U"’k,W"’k) + Ag (‘E’“w’ﬁ)) —0. (2.58)

n=1k=1

In Appendix [C.I] we prove the following equation:

Kr Kgs B Ks T
S5 ar(0r W) = (o) 3 (W) (R ue) )
n=1k=1 k=1 Nir=1
Kr Kg T
_ Z Z <|:[Wn,k]] Un,k,* _ [[Q)n’k]] 7Jk> (259)
n=2k=1 Nlir=—1
_ Ks T
~5(U(0) - Z <(W1k) (Ul,k,* _ Ul,k) ’ch> 7
k=1 Nlir=-1
where the quantity S (U (T')) is defined in (2.56) and the quantity S (U (0)) is given by
Ks
S(U(0)) := < Ulv’“) ,Jk> . 2.60
wE)=3 (s N (2.60)
The state U™ is an upwind flux and satisfies Uik . UKT’kL_:l. Thus, we obtain
Ks T
3 <<WKT’k) (Urks —utet) ,Jk> ' =0. (2.61)
k=1 Nlir=1
Likewise, it follows from ([2.47) that
Kr Ks T
D <[[W”k]] Ut - [[¢"'=’“]] ,J’“> ' > 0. (2.62)
Nilr=-1

n=2k=1

Furthermore, we add and subtract S (u(0)) and the quantity W7 U* from the outside of the first
temporal element to the last line in equation (2.59). The upwind flux is defined as Ul’k’*| =

T=—1
ubF e in the first temporal element. Therefore, we obtain by (2.47) the inequality
_ Ks T
—5(U(0) - Z <<W1,k> (Ul,k,* _ Ul,k) 7J]“> ‘
k=1 Nlr=-1
(2.63)
_ Xs T _
= SuO)+> <ﬂ¢1v’“]] - [[wlvk]] ul’k,Jk> ' > —5 (u(0)),
k=1 Nlr=-1

where the quantity S (u(0)) is defined in (2.57). Overall, we obtain the following inequality for the
temporal part of the space-time DGSEM

Kr Ks

SUM)-5©) <> > Ar (U"’k, W) (2.64)

n=1k=1
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For the spatial part of the space-time DGSEM, we apply the identity (2.41) and obtain

Ag (FW) At <ﬁN- EEC,W> ;A / <WT (Fn - Fﬁ) ,1>M s

2 NxM 2 o N
A ’ (2.65)
- = / <WT1?“;; ~WTF, + E, 1> as.
2 M
OE3,N
By summing the contribution (2.65) over all space-time elements, we obtain
Kr K
>3 as(Fwer)
n=1k=1
Kr (2.66)
At" KT sk R\ sk =,k
- BC- [wrr] ke = (W) Bt [Ee] 1) s,
Z Z 2 / < n " + " M
n=1 Interior 9E3 N
faces ’

where the contribution from the physical boundary terms is compactly given by

BC :— f: 3 ATtn / <(W"k)TFZk - (W“”“)Tﬁﬁ + FRs, 1> ds. (2.67)

n=1 Boundary 9E3 N M
faces ’

Next, we apply the equation (2.54) and obtain

o At" k]| T e wi\T o, - -
Z Z B / <[[W k]] | [[(W k) Fnk]] + [[Fnk ]],1>M dS=0. (2.68)

n=1 Interior OE3 N
faces

Thus, it follows
Kr Ksg

> As (?‘””“, W””“) = BC. (2.69)

n=1k=1

Moreover, when the contravariant surface numerical fluxes are computed with the entropy stable Carte-

sian fluxes (2.55), the equation (2.66) provides

Kr Kg

% 4s (?”’k,W"’k> > BC, (2.70)

n=1k=1

Finally, we obtain the discrete entropy inequality

S(U(T)) < S(u(0)) - BC, (2.71)

by (2.58)), (2.64) and (2.69) (or alternative (2.70)). Here, we consider a periodic problem in the three
spatial directions. So, the physical boundary terms cancel and BC = 0 [22] yielding

S(U(T)) < 5(u(0). (2.72)

O

Remark 2 We directly see that the result (2.71) in the proof of Theorem 1 is the discrete analogue of
the continuous analysis, which gave ([1.17).
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2.4 Discrete entropy preservation

The particular choice of periodic boundary and entropy conservative spatial numerical fluxes provide the
identity

KT Ks o
S>> As (F W) =0 (2.73)
n=1k=1

as we can extract from the proof of Theorem 1. Next, we investigate the space-time DGSEM with periodic
boundary conditions in time

vt =ult Ul =ufrt k=1, K (2.74)

and numerical state functions, denoted with a #, that satisfy the property (2.32). Similar to the con-
struction of (2.59), we derive the equality

Kr Ks Ks T
S Ar(Uth W) = SUT)+Y <(W£<T”“) (ukrh# —uke) ,J’“>
n=1k=1 k=1 Nlr=1
B e o))
n=2k=1 Nlr=—1
~5(U(0) - j; <(w};’“)T (uh# —ulh) ,Jk>N .
(2.75)

From the property (2.32) of the numerical state functions, the middle term of (2.75) vanishes, i.e.,

Kr Ksgs

-2 <[[W"’k]]TU”*k’# - [[@’L’k]] ,Jk>

n=2k=1

=0. (2.76)

Nlr=—1
The remaining boundary terms in (2.75) cancel by the prescription of the boundary conditions (2.74))

and we find that
Kr Ks

DI (U"’k,W"’k) — 0. (2.77)

n=1k=1

Therefore, periodic boundary conditions in time are not an appropriate choice. Next, we consider Dirichlet
boundary conditions in time and apply temporal numerical state U* functions with the properties:
ubk# — ybk uirk# — ykrk

T=-—1

, k=1,...,Kg, (2.78)

T=1

T=—1 T=1

T
[[W"k]] Uk = [[qsn”“]] o on=2,...Kr—1, k=1,...,Ks. (2.79)

Again, the middle term of (2.75) vanishes because of the property (2.76) by (2.79). Furthermore, we see
that
Ks

Z <(W£(Tk>T (UKT’k’# _ UIfT,k) 7Jk>

k=1

=0, (2.80)

T=1

N
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due to the choice of the upwind state (2.78) and we obtain, similar to (2.63), that

G o 1.\ T Lk# 11l
—S(U(O))—;<(W k) (U h# U+k),Jk>

Nlr=-1
- i (2.81)
=—S(u(0)) + Z <H@1akﬂ _ [[Wlk]] ub*, Jk> ‘
k=1 Nlr=-1
Thus, we obtain by (2.75), (2.80) and (2.81) the identity
Kr Kg
33 Ar (U”’k,W"’k) = S(U(T)) - S (u(0)
n=1k=1 . . (2.82)
+ Z <[[(p1,k]] B le,k]] ul,k7Jk>
k=1 Nlr=-1
The equations (2.73)) and provide the identity
Kr Kgs o
0= > % (AT (U"”“,W”’k) + Ag <FW>>
netkEL (2.83)
_ _ Ks T
= 5(UT)-5@O)+. <[[qs1»’“]] - [w*] ul’k,Jk>
k=1 Nlr=—1

We note that the non-vanishing term in does not propagate beyond the first time slab. The
equation is a discrete version of the continuous entropy equation . In general, the sum on
the right hand side in equation does not vanish, but the contribution can be interpreted as a
projection error that is, in general, small [4]. Hence, we have proven the following statement.

Theorem 2 (Entropy preservation). Consider the space-time DGSEM with Dirichlet boundary con-
ditions in time and periodic boundary conditions in space. Assume that the temporal numerical
states U* have the properties and . The spatial numerical surface fluzes f‘:; are com-
puted by . Then the space-time DGSEM is an entropy preserving method in the sense that the

equation (2.83) is satisfied.

We note that with the temporal states defined by , it is possible to demonstrate entropy con-
servation of the space-time DG scheme. However, these temporal states are not a practical choice for
simulations because they fully couple the space-time slabs. Therefore, the only practical choice is the
upwind temporal states U* = U_, which are entropy stable as shown in Theorem 1, as they provide
the weakest coupling possible between the time slabs.

3 The compressible Euler equations

As a flagship example for the temporal entropy analysis, we consider the three-dimensional compressible
Euler equations

> &
%‘t‘+v-f=0, (3.1)
<>

with u := (p, p, E)T and the components of the block vector flux, f,

pU1 pU2 pU3
pvi +p pU1V2 pU1V3
fi = PU1V2 , fo = pv% +p , fs = PU2V3 . (3.2)
pU2V3 pU2V3 pv3 +p

(E+p)n (E +p)ve (E+p)vs
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The conserved states are the density p, the fluid velocities ¥ = (v1, v2, v3) and the total energy E. In
order to close the system, we assume an ideal gas such that the pressure is defined as

p=0-1(E-2171), (3.3)

where 7 is the adiabatic constant.

3.1 Euler state values in time

Here we focus on the temporal entropy analysis. Complete details on the spacial entropy stability analysis
for the Euler equations can be found in, e.g., [5l[7122]27].
Theorem 3 (Entropy conservative temporal Euler state). From the entropy conservation condition
mn time

[W]" U* = [4], (3.)

we derive the temporal state for the Euler equations to be

~ In -

p
P {{ur }
U# — P {2} (3.5)
P {{us}
iy o (o) el + sl — & (o]} + {3 ]+ {02 0D))

with the arithmetic mean (2.46) and introducing the logarithmic mean

_
(T

(.)ln (3.6)

Proof. First, we collect the necessary quantities for the discrete temporal entropy analysis of the Euler
equations:

U=(p, pv1, pv2, pv3, E)",

T
W= (2255177 260 280, 205, 26)

where ¢ = —(y — 1)In(p) — In(B) — In(2) and B = p/(2p). In order to compute the Euler state
function U#, we will rearrange the equation (3.4) by algebraic manipulations. Therefore, the following
two important properties of the jump operator are necessary

[ab] = {a} 1] + o} o]~ and  [o’] =2{{a}} [a], (3.8)
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where a and b are given quantities. Forgoing some algebra, we apply the identities (3.8) several times
and introduce the logarithmic mean (3.6]) to find

v
pl:——=1
1ol

[o1] : =207 {{os ) {{BY + 205 {8} =0
[v2] : =207 {{v2}} {{BY + 205 {8} =0
[o] : =207 {{os}} {{BY +2UF {8} =0

U#
18] : — 2UZ + T " v ({{uf}} + {{v%}} + {{u%}}) +2UF {oi 1} + 2UF oo} + 207 {us}} = 0.
(3.9)
We solve to find the entropy conservative state function in time to be
_ o -
P o1 1}
U* = P o2} . (3.10)

P v}
ey + " (o) + (ol + Hosh — & (b} + (3]} + {3 )

We note that U# is symmetric with respect to its arguments and is consistent, as taking the left and
right states to be the same gives

P P P
pU1 pU1 pUL
U# = pU2 — pU2 = |pv2| . (3.11)
pU3 pU3 pU3
—>12 -2
e +419°) |eEn+see] B

Finally, a numerically stable procedure to compute the logarithmic mean (3.6) is provided by Ismail and
Roe |27, Appendix B]. O

The entropy conservative temporal state function u# couples all time slabs in the space-time DG scheme.
Thus, it is not a computationally tractable option for approximating the solution of the Euler equations.
As previously mentioned, the only feasible choice for a temporal numerical state is the pure upwind
state, as it decouples the time slabs. The upwind temporal state is given by

p,
p—(v1)-
* = v2)— ,:pi_p—_vz_ v2)2 v3)2 ). .
U= (o) | B = o B b B () 4 () 4 ()2 (3.12)
p—(v3)—
E_

3.2 Kinetic energy preservation for the Euler equations

For the Euler equations (3.1), it is also possible to recover a balance law for the kinetic energy such
that the discrete integral of the kinetic energy is not changed by the advective terms, but only by the
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pressure work [28]. Jameson [28] analyzed finite volume methods with respect to the kinetic energy and
constructed conditions on the numerical surface flux functions to generate kinetic energy preserving
(KEP) schemes. Gassner et al. [23] generalized the KEP scheme into the high-order DG context on
Cartesian meshes. In this section, we extend these results to the space-time DGSEM on curvilinear
hexahedral meshes and introduce similar conditions on the numerical state function to guarantee KEP
in time.

3.2.1 Continuous kinetic energy evolution

We want the space-time DG scheme to mimic the continuous analysis. Therefore, much as we did for
the entropy, we first examine and analyze the continuous kinetic energy balance and determine the steps
that the discretization must capture. First, we define the following set of variables

1 T
V= (—5 |5’|2,5’,0) . (3.13)

Then, we obtain the kinetic energy by

1 —> —>T — 1 —>
vTu:f§p|v|2+vav :5;)\1)\2 =: K. (3.14)
We note that v = %. Furthermore, it follows
o I5) — < - — 5 =

e 1 == 2 . . . - = .
where f" = 5pv |7|” can be interpreted as a kinetic energy flux and ¥ - Vp is the pressure work.
Thus, we obtain the equation for the kinetic energy balance
Ok

Next, we integrate the equation over a space-time domain {2 X [0, 7] to obtain
T T T
//%dtdv+//%~7"”~dth+//UT~%pdth:o. (3.17)
20 0 2 0 2

The terms on left hand side in are evaluated as follows: The fundamental theorem of calculus is
used for the temporal integral in the first term, the divergence theorem is used for the spatial integral
in the second term and the spatial integral in the last term is evaluated with the integration-by-parts
formula. This results in

T T
(k(2,y,2,T) — k(z,,2,0) AV — [ [ (Ve T)pdV dt+ fr4p?)-7dSdt =0, (3.18)
!nxyz R\X,Y, 2 !! v)p //( pv)n

0 9002

where 7 is the normal at the physical boundary. Rearranging terms provides

T T
//i(w,y,z,T)dV:/ﬁ(m,y,Z,O)dV—i—//(?x~5’)pdth—// (?H—&—p?)-ﬁdet. (3.19)
19 0 0

2 0 082

>
We see that in the incompressible case V. - ¥ = 0. Thus, for incompressible flows, the spatial integral
of the kinetic energy at time 7" is bounded by its initial value provided proper boundary conditions are
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considered. In many situations, e.g., compressible flows, discontinuous solutions, or specific boundary
conditions, it is only possible to obtain the inequality

/H(:L‘ y,zT)dV</n(x v, 2,0) dV+// ?pdth—// 7r —I—pv) 7dSdt. (3.20)

2 2 0 9082

Thus, the kinetic energy at a given time 7' is bounded by its initial value, the volume integral over the
nonconservative term (VT ¥)p and a contribution from the boundary faces, which can be controlled by
suitable boundary conditions.

3.2.2 Discrete kinetic energy analysis
In the context of the space-time DGSEM, we are interested in finding an upper bound for the quantity

R (U(T)) = f: <n (UKT”“> ,Jk>N
k=1

The quantity (3.21) is a discrete version of the spatial integral of k(z,y, z, T'). Likewise, the quantity

K (u(0)) := f </€ (ul’k) ,J’“>N

(3.21)

T=1

, (3.22)

T=—1

is a discrete version of the spatial integral of k(x,y, z,0). The quantity u'** 1 = u” (0) in (3.22) is
the initial condition prescribed to the conservation law in the spatial cell e, £k = 1,..., Kg. In order
to construct a space-time KEP DGSEM, we replace the derivative projection operator in the temporal

part (2.43) by

M
DMUES'E =2 Z DUQUKEP (Usijis Ugijn) , (3.23)
=0

where the state UXFF g consistent, symmetric, and satisfies the conditions
KEP KEP KEP KEP KEP KEP
Uy ={{n }}(J,G)ijk ur, Usgr = {{1’2}}(0,0)@‘1@ Uy, U = {{U?>}}(g,e)ij;C Ui, (324)
for 0,06 =0,...,M and 4,5,k = 0,..., N. The volume averages in (3.24) are given by

o oyt = 5 (Woige + @), 1=1,23 (3.25)

‘We note that the entropy preserving temporal Euler state u# given by (3.10) also satisfies the conditions
(3.24). The derivative projection operator in the spatial part (2.44) is replaced by

PR3 o (B OO ()
T T (P B

<>
+ Dim (FKEP’S (Usijk, Ugijm) - {{Jf_fg}}” ) )
ij(k,m)

where the volume averages of the metric terms are given by (2.36) . The fluxes

> T
FKEPL _ (Fi(EP,l’ F;(EP,Z7F§EP,I) ’ 1=1,2,3 (3.27)
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<~
are consistent with F' and symmetric such that, e.g.,

<> <>
F Y (Uoiji, Umir) = " (Ui, Uaijn) » (3.28)

for o = 0,...,M and i,j,k,m = 0,..., N. Furthermore, the flux functions F,XFP! | = 1,2 3 and
s = 1,2, 3, satisfy Jameson’s conditions [28§]

Ff,KEP,I = {up F},KEP,Z +p%,, FE,KEP,L = o} Fé,KEP,ly Fg,KEP,z = o} Fé,KEP,l’
F?,KEP.[ — {{Ug}} F},KEPJ7 Fg,KEP,l — {{Ug}} F%KEP,I +p§17 Fg,KEP,l — {{1)2}} F;"KEPJ, (329)
F;L,KEP,[ — {{US}} F\},KEP,Z7 F;},KEPJ — {{'US}} F;,KEP,Z? Fg,KEP,l — {{vS}} Fé,KEP,l +p§“
where Jab
ph =2 qfpp — ARJAl o s i =1,2,3. (3.30)

{Jailt”
We note that the quantities (3.30) become py = {{p}} for all s = 1,2,3 and [ = 1,2,3 in the case of

a Cartesian mesh with straight sided elements. Moreover, it is enough to compute the spatial derivative

<~
projection operator (3.26) from one Cartesian block flux F¥FF | which components satisfy Jameson’s
conditions

Ff’KEP — {{’Ul}}F}’KEP + {{p}} , Fg,KEP — {{’Ul}} F;,KEP’ FS,KEP — {{Ul }} Fé’KEP,
FPEEP = ({op PP, FOE = o By S50 ol BT = o BT, (3.31)
FPRET = o BT, Fy R = o By, PR = {ush B35 4+ {p}}

In Ranocha’s PHD thesis [41, Chapter 7, Section 4|, an example of an entropy conserving two point
flux with the property was developed. This flux is described in the Appendix E Moreover, the
conditions were used in 23] to prove that a semidiscrete high-order DGSEM with straight sided
elements is a KEP method. For a space-time DGSEM with curved hexahedral elements, we have the
following result.

Theorem 4 (Kinetic energy preservation). A space-time DGSEM for the Euler equations
with:

1. Dirichlet boundary conditions in time and periodic boundary conditions in space,

2. temporal numerical state functions U™ with the property [2.78) at the exterior temporal boundary
points and the property (3.24) at the interior temporal boundary points,

3. surface fluzes ¥y, computed from Cartesian fluzes FEEY 1 =1,2,3, with the property (3.31),
1s a kinetic energy preserving method such that

- ~ & Es a1 N
KU(@M)=KU©O)+> > 5 <v§ .ﬂ@m) 7pn,k>NXM
n=1k=1
Kr

+3 S [ BT, e

n=1 Interior OE3,N
faces

< 161 T 1k k>
+I;<[[V ]] ul*, g

Remark 8 We note that the equation is a discrete equivalent of the continuous equation .
In general, the last sum on the right side in does not vanish, but the contribution of this quan-
tity is small. In a(i:iition, we note that due to the discontinuous solution space ansatz, the numerical
approximation of Vy - U generates volume and surface contributions.

N

T=—1
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The proof for the Theorem [ is similar to the proofs of the entropy stability and preservation in the
sections [2.3] and [2-4] Nevertheless, for the sake of completeness, we present a proof in Appendix [D-1]

We note that it is not a computationally tractable option to compute the state functions U* as given in
point 2 of Theorem |4} since a state function with the property couples the time slabs. It is more
convenient to choose the upwind state . The upwind state does not have the KEP property .
However, by the properties of the jump operator, we know

[1717] = 2 (Wwr B Toa] + Hoa )} [ve] + (v Tos]) (3.33)

Thus, it follows directly by the definition of the temporal upwind state (3.12)

VI U =~ [I7P] - + [oul o (o) + [eel o (v2)_ + [os] p- (vs)
p— ([o2] (1) — Hor}y) + [oa] ((v2)_ — fv2}}) + [oal) ((v3)_ — Hea )

= ‘%P— ([[m]]2 + [o2]® + [[“3]]2>
<0.

(3.34)

If we apply this inequality instead of the identity (3.24) in the proof of the Theorem [4] (cf. Appendix
, we obtain the following inequality for the space-time DGSEM

_ _ Kr Ks Atn — -
K(U(T) < K(UO)+ 33 S5 (Ve 1V (7))
n=1k=1

A At n,k n,k (335)
B (Y ],
n=tierer o

since the definition of the upwind state (3.12) and the inequality (3.35) provide

(T )| = (T )

We note that the inequality (3.35)) is the discrete equivalent of the continuous inequality (3.20)).

<0, k=1,...,Ks. (3.36)

N‘T_l N

T=—1

4 Numerical results

In this section, we present numerical tests for the one-dimensional compressible Euler equations

ou of

ot tar =0 (4-1)
T 2 T

wi= (v, B)' . = (pv,p0” +p,(E+p)v) (4.2)

to evaluate the theoretical findings of the previous sections. The density p, the fluid velocities v and the
total energy F are conserved states in the Euler system. Furthermore, to close the system, we assume
an ideal gas such that the pressure is defined as

p=(-1) (E - %mﬁ) : (4.3)
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where 7 is the adiabatic constant. In all the numerical examples, v = 1.4, which is the adiabatic constant
for air. The primary concern is the numerical verification of the high-order accuracy, entropy stability,
entropy preservation and kinetic energy preservation of the space-time DGSEM. In particular, we show
that the temporal upwind state (3.12) is entropy stable and the temporal state preserves entropy
and kinetic energy.

We note that the space-time DGSEM is implicit in time and, thus, requires a nonlinear solver. The
design and construction of such solvers in the context of high-order space-time DG approximations is
the subject of ongoing research, e.g., [1l26] 7]. Herein, we use a Jacobian-free Newton-Krylov solver [?].
However, the space-time DGSEM could also be combined with a variety of other efficient solvers, e.g.,
multigrid methods [45,[46].

4.1 Convergence test

We start with a demonstration of the high-order accuracy by a manufactured solution

p (z,t) 2 + sin (27 (z — t))
Uz, t)= |pv(@t) | = | 2+sin@r(z—1t)) |, (4.4)
E (z,t) (2 +sin (27 (z — t)))?

The state (4.4)) is a smooth analytical solution of the compressible Euler equations, if we consider the
Euler system with the source term

0
Q(z,t) = | (v — 1) (7 +4sin (27(z — t))) cos 2m(z — 1)) | . (4.5)
m(y—1) (74 4sin (2w (z — t))) cos (27 (x — t))

The spatial domain is [0, 1] and periodic boundary conditions in space are used. The final time of the
simulation is chosen to be T' = 5 and Dirichlet boundary conditions are used in time. The space-
time elements are uniformly distributed with the length Ax = %b for the spatial elements and the
length At = %T for the temporal elements, where Kg denotes the number of spatial elements and Kr
denotes the number of temporal elements. We apply the space-time DGSEM with the temporal derivative
projection operator computed by and the upwind state is used at the temporal
interfaces. The spatial derivative projection operator is computed by the entropy conservative
(EC) flux developed by Ranocha [41] given in Appendix E and the EC flux with the dissipation matrix
of the form is used as spatial surface numerical flux in this example.

The initial condition is determined by interpolation of U (z,0) at N + 1 LGL nodes. Table |1| shows
the L? errors of the conserved quantities and order of convergence for temporal polynomials of degree
M = 2 and spatial polynomials of degree N = 2. The observed experimental convergence rates agree
with the expected optimal order three for the space time scheme, e.g. [20].

In TablelzL the behavior of the space-time DGSEM for polynomials with an odd degree is shown. The L?
errors of the conserved quantities and order of convergence for temporal polynomials of degree M = 3
and spatial polynomials of degree N = 3 are presented. The experimental convergence agrees with the
expected optimal order four for the three conserved quantities.

Next, we choose polynomials of different degree in time and space and compute the convergence order of
the space-time DGSEM. The L? errors of the conserved quantities and order of convergence for temporal
polynomials of degree M = 3 and spatial polynomials of degree N = 2 are presented in Table [3| The
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Table 1: Experimental order of convergence (EOC) for manufactured solution test (4.4)). The space-time
DGSEM is used with temporal polynomial degree M = 2 and spatial polynomial degree N = 2.

Kr | Ks | L?(p) EOC(p) L*(pu) FEOC(pu) L*(E) FEOC(E)
10 2 6.24E-02 - 7.51E-02 - 1.42E-01 -
20 4 1.83E-02 1.8 1.88E-02 2.0 2.17E-02 2.7
40 8 9.34E-04 4.3 8.96E-04 4.4 2.46E-03 3.1
80 | 16 | 1.21E-04 2.9 6.97E-05 3.7 3.39E-04 2.9
160 32 1.55E-05 3.0 7.09E-06 3.3 3.85E-05 3.1
320 | 64 | 1.93E-06 3.0 8.65E-07 3.0 4.19E-06 3.2

Table 2: Experimental order of convergence (EOC) for manufactured solution test (4.4). The space-time
DGSEM is used with temporal polynomial degree M = 3 and spatial polynomial degree N = 3.

Kr | Ks | 1?(p) EOC(p) L*(pu) EOC(pu) L*(E) EOC(E)

10 2 1.60E-02 - 1.92E-02 - 2.31E-02 -

20 4 4.15E-04 5.3 4.75E-04 5.3 2.5TE-02 4.3
40 8 5.53E-05 2.9 4.03E-05 3.6 1.50E-04 3.1
80 16 | 6.70E-06 3.0 2.85E-06 3.8 1.40E-05 3.4
160 | 32 | 5.46E-07 3.6 2.55E-07 3.5 1.22E-06 3.5
320 | 64 | 3.53E-08 4.0 1.82E-08 3.8 8.46E-08 3.9

Table 3: Experimental order of convergence (EOC) for manufactured solution test (4.4)). The space-time
DGSEM is used with temporal polynomial degree M = 3 and spatial polynomial degree N = 2.

Kr | Ks | L*(p) EOC(p) L*(pu) FEOC(pu) L*(E) FEOC(E)

10 2 6.54E-02 - 7.24E-02 - 1.13E-01 -

20 4 2.01E-02 1.7 2.13E-02 1.8 2.31E-02 2.3
40 8 1.45E-03 3.8 1.49E-03 3.8 2.57E-03 3.2
80 16 | 1.43E-04 3.3 1.06E-04 3.8 3.41E-04 2.9
160 | 32 | 1.63E-05 3.1 8.65E-06 3.6 3.86E-05 3.1
320 | 64 | 1.87E-06 3.1 1.01E-06 3.1 4.17E-06 3.2

error of the spatial approximation dominates compared to the temporal approximation errors such that
an experimental convergence order of three is obtained.

We observe a similar effect when the degree of the spatial polynomials is larger than the degree of the
temporal polynomials. In Table IéL we present the L2 errors of the conserved quantities and order of
convergence for temporal polynomials of degree M = 2 and spatial polynomials of degree N = 3. We
reach the optimal order four for the three conserved quantities as in the Table

4.2 Entropy stability check

We consider the one-dimensional Euler equations (4.1) with the initial discontinuous data

1 for x < 0.3 0 1 for x < 0.3 (4.6)
= ) Vo = ) = N
PO=31125 forz>03" O POZV11 forz>03
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Table 4: Experimental order of convergence (EOC) for manufactured solution test (4.4). The space-time
DGSEM is used with temporal polynomial degree M = 2 and spatial polynomial degree N = 3.

Kr | Ks | L*(p) EOC(p) L*(pu) FEOC(pu) L?(E) FEOC(E)

10 2 4.73E-02 - 4.80E-02 - 6.23E-02 -

20 4 1.46E-02 1.7 1.64E-02 1.5 1.27E-02 1.9
40 8 1.35E-03 3.4 1.57E-03 3.4 1.56E-03 3.3
80 16 | 8.72E-05 4.0 1.05E-04 3.9 1.17E-04 3.9
160 | 32 | 5.43E-06 4.0 6.50E-06 4.0 7.39E-06 4.0
320 | 64 | 3.45E-07 4.0 4.11E-07 4.0 4.47E-07 4.0

on the spatial domain [0, 1]. Periodic boundary conditions are used in space and Dirichlet boundary
conditions are used in time. We note that (4.6) provides a shock solution. To test the entropy stability
property, we measure the error

As(T) = S(U(T)) — 5 (u(0)), (4.7)

where S (U (T')) is computed by and S (u (0)) is computed by ([2:57). The quantity represents the
difference between the discrete total entropy at time 7' and initial time and should decrease in time. The
spatial domain is decomposed into Kg = 4 spatial elements. The final time of the simulation is chosen
to be T'= 1. Thus, we partition the temporal domain [0, 1] in K7 = 4, 16, 128 elements. The temporal
polynomial degree is M = 3 and the spatial polynomial degree is N = 2. Furthermore, we apply the
space-time DGSEM with the same temporal derivative projection operator (2.31) as in Section and
the spatial derivative projection operator as in Section The evolution of the error until
a final time of T' = 1 is presented in Fig. |1 for both EC flux functions. We observe that the quantity
decreases in time as predicted by the theoretical result of Theorem 1.

4.3 Entropy conservation check

In this section, we investigate numerically the theoretical findings from Theorem 2. Therefore, we consider
the same initial value problem . As in the previous section, periodic boundary conditions are used
in space and Dirichlet boundary conditions are used in time. The spatial domain is decomposed into
K spatial elements and the temporal domain [0, 1] in K7 elements. The space-time DGSEM is applied
with the temporal derivative projection operator computed by and the spatial derivative
projection operator is computed by the entropy conservative flux from Appendix IE Furthermore,
the upwind state is used to compute the temporal numerical state functions at the temporal
interfaces of the first and last time points. At the interior temporal interfaces, the numerical state
functions are computed by the state function . We are interested in measuring the quantity

=1y = 2sm+ 8 ([o004)] - ] )
k=1

where Ag(T) is given by . In order to reach entropy stability in the sense of the equation , the
quantity Zg (T') should be zero at final T' = 1. We apply the space-time DGSEM with various different
values for the number of temporal cells, number of spatial cells, temporal polynomial degree M, spatial
polynomial degree N, and compute the quantity . The results are given in Table |5, we observe that
the quantity is on the order of machine precision in all the tested configurations varying the number
of space-time elements as well as the two polynomial approximation orders. This fits to the theoretical
result proven in Theorem 2.

e
Nlr=—1
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Fig. 1: Temporal evolution of the difference between the discrete total entropy at initial time and the
discrete total entropy at time 7' represented by of the error Ag(7T') given by for the initial data
with K7 = 4,16, 128 temporal elements and Kg = 4 spatial elements. The temporal polynomial
degree is M = 3 and the spatial polynomial degree N = 2.

Table 5: The error =g (T) given by (4.8)) at final time 7' = 1 on uniform grids and for polynomials with
various degree in time and space. We observe that the error is always on the order of machine precision
regardless of the chosen configuration.

Kr Ks PM PY| =4(T)
-2.54e-15
-5.56¢-16
-1.98¢-14
8.86e-16
9.65¢-15
1.34e-15

=N NN R O
0 N W N U
S OOy W N W
= W Ot e W N

4.4 Kinetic energy preservation check

In this section, we investigate numerically the theoretical findings from Theorem 4. Therefore, we consider
the initial value problem

po=2+sin(2n(x—1t)), wo=1, p=1 (4.9)
As in the previous section, periodic boundary conditions are used in space and Dirichlet boundary
conditions are used in time. The spatial domain is decomposed into Kg spatial elements and the temporal
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domain [0, 1] in K7 elements. The space-time DGSEM is applied with the temporal derivative projection
operator computed by and the spatial derivative projection operator is computed by
the entropy conservative flux from Appendix [E] We note that this flux satisfies also Jameson’s conditions
for kinetic energy preservation. Furthermore, the upwind state is used to compute the
temporal numerical state functions at the temporal interfaces of the first and last time points. At the
interior temporal interfaces, the numerical state functions are computed by the state function . We
are interested in measuring the quantity

Kr Ks A" =
O (1) =K (U(T) ~ K (U(0) =Y > S (Ve 1¥(TF) p*)
n=1k=1
Kr n
S R ) (| Lo BT
Ao % oy

K

_ Zs < [[Vl,k]]T ulk Jk>
) )

k=1
where K (U (T)) is given by (3.21) and K (U (0)) is given by (3.22). The quantity O (T') should be
zero at final T' = 1. We apply the space-time DGSEM with various different values for the number of
temporal cells, number of spatial cells, temporal polynomial degree M, spatial polynomial degree N,
and compute the quantity (4.8). The results are given in Table @ We observe that the quantity (4.8)
is on the order of machine precision in all the tested configurations varying the number of space-time
elements as well as the two polynomial approximation orders. This fits to the theoretical result proven
in Theorem 4.

N

T=—1

Table 6: The error O (T') given by (4.10) at final time 7" = 1 on uniform grids and for polynomials with
various degree in time and space. We observe that the error is always on the order of machine precision
regardless of the chosen configuration.

Kr Ks PM PV | Ok (T)

5 4 3 2 1.04e-15
4 5 2 3 2.42e-15
2 2 3 4 9.82e-16
2 3 6 5 2.44e-15
2 2 5 3 -1.26e-15
1 8 6 4 -5.20e-15

5 Conclusion

In this work, we developed a novel space-time discontinuous Galerkin spectral element approximation for
nonlinear conservation laws that was entropy stable. On the discrete level, we constructed a numerical
state for the vector of conservative variables and numerical flux functions such that the chain rule still
holds and we could directly mimic the continuous entropy analysis of the system. Here, special attention
was given to the temporal term as discrete entropy analysis is typically done on the semidiscrete level,
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e.g., [5]. All derivatives in space and time are approximated with a high-order derivative matrix that
are summations-by-parts (SBP) operators. The SBP property was required to mimic integration-by-
parts to move derivatives back and forth in the discrete variational forms that naturally arose in the
DG approximation. The variational forms are approximated with high-order Legendre-Gauss-Lobatto
quadrature, which was critical for the entropy stability proof to hold for a general system of conservation
laws because there is no assumption of exact integration made on the variational forms.

We examined the Euler equations in detail and derived the necessary numerical state functions in time
needed by the space-time scheme. Further, we generalized the concept of kinetic energy preservation
(KEP), first proposed by Jameson [28], to include the influence of the temporal approximation. This
meant creating constraints on the form of the numerical state in time and found they were similar to the
constraints put on the spatial numerical flux functions. We used the Euler equations in the numerical
results to verify the proven properties of the space-time DG scheme. Additionally, the temporal analysis
for the shallow water and ideal MHD equations are provided in appendices.
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A Shallow Water State Values in Time

If the bathymetry is assumed to be constant, the shallow water equations are

h

h

2
ot

R hv 0
TVe \hmwT 4 gn2z| < |0 (A-1)

where h is the water height, ¥ = (v1,v2) are the fluid velocities, g is the gravitational constant, and Z is the 2 x 2
identity matrix. Here, we ignore the bottom topography, b, as it is constant in time. Thus, any jumps that arise
in the current analysis will simply vanish. However, complete details on the development of the spatial entropy
stability analysis for the shallow water equations with a bottom topography can be found in, e.g., |[17}124][47].

Here, we focus on the temporal entropy analysis. The condition to design a discretely entropy conservative temporal
state is (2.32). We collect the necessary shallow water quantities for the discrete temporal entropy analysis

U= (h, hvy, hva)7,

1 T
W = (gh— > (v%—l—’u%) ,1)1,1;2> s
A.2)
hv?  gh? (

= — 4+ — hb,
s 2 + 5 +g
gh?

2

P =

)

with the gravitational constant g. Now, from the properties of the jump operator (3.8)), we compute the components
of U# from

[W]TU# = g [R UF = o1} [l UF — oz} [ UF + [1] UF + [02] U = g A} [1] - (A.3)
Solving, we determine the entropy conservative temporal state to be

{nr}
u# = [{{h {v}}] . (A.4)
Hhdt o2

It is easy to verify that the temporal state U# is consistent and symmetric with respect to its arguments.

Just as in the Euler case, the upwind temporal state is used in practice to make the space-time DG numerical
scheme computationally tractable. The upwind temporal state is given by
h_
U* = |h—(v1)-|. (A.5)
h_ (’UQ)_
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B Ideal magnetohydrodynamics time state evaluation

Here, we consider a slightly modified version of the ideal magnetohydrodynamic (MHD) equations

p pv 0

o 1P| |e¥FT+(p+3BR)I-BBT| | B |

o | BTV 7 (E+p+3BR) - B (7 B) = (Ve B) |5 5| = %= B, ®
B TBT — BwT v

where p is the density, ¥ = (v1, v2, v3)T are the fluid velocities, B= (B1, Bz, B3)T are the magnetic fields,
is the total energy, and 7 is the 3 x 3 identity matrix. With the assumption of an ideal gas, the pressure is

p=G-) (B 217P - J1BR). (B2)

Also, the divergence-free constraint for magnetized fluids is incorporated into the model as a nonconservative
term [1,/40]. This nonconservative term is an important aspect of the spatial entropy analysis particularly when
61 ‘B # 0 see, e.g., [2)8,12[34]. We address how this nonconservative term, proportional to 61 . E, affects the
spatial part of the DG approximation in Appendix

For now, we concern ourselves with the temporal entropy analysis and collect the necessary quantities for the
ideal MHD equations
U= (p, pv1, pv2, pv3, E, B1, B2, B3)T

)

T
o
W= (7_1 — BIT?, 26v1, 2Buvs , 2Pus, —26, 26B1, 2682, 2,333) :

~
L (B.3)
v-1
®=p+p|B°
where the physical entropy ¢ and 8 are defined as in the Euler case in Section
To determine an entropy conservative temporal state, we must find a two-point function u# such that
W] U# = [#] = [p+81BI] . (B.4)

To do so, we first compute the jump in the entropy variables

el 2L 2 81 ({01} [on] + (o2} Toad + fvs ) TesD) — 081 ({023} + ({031} + {3 }})]
2 {1} 18] + 2 1 [1]

2 {{v2 1 8] + 2 ({8} [v2]

2 f{os 18] + 2 1 [vs]

~2[8]

2B 6] + 2 (BN [B1]

2{(B2}} [6) + 2 {81 [B2]

2 (B}t [6] + 2 (4B [Bs]

(B.5)
Then we compute the left hand side of (B.4)) to be

[W]T U# =Uf (M B8 (o Tor] + o) [oal + s} TosD) — 181 ({21} + ({030} + {{v%}}))

pln Bln(,}/ _ 1)
+UF @i 8]+ 2{{8} [n1]) + UF 2 w2} [8] + 2 {81 [vaD) + UF (2 {vs}} 8] + 2 {8} [vs])
— 207 [B]+ U @UB1R [B] + 24BN [B1]) + UF 2 {B2}} [8] + 2 {8} [Bz2])

+UZ 2B} 18]+ 2 {BY [Bs]) .-
(B.6)
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Next, we expand the right hand side of (B.4)

[o+81BP] =10+ ({B2}} + {BEY + {BIN) 161+ 2 (081 (B [Ba] + HB21) [Ba] + (B} [Bsl)
B.7
Next, we collect the individual jump terms to create conditions on the entropy conservative temporal state fun(CtiOI)l
U#:
#
[l k=1
p
[l s —2{BR {u B UT +2HBRUF =0
[va] : —2{{B) {{o2B U +2{BRUT =0

[vs]:  —2{BR HusPUF +2{BRUF =0

[Bil: 2{(BRUZ =2{(B} {B1}} (B-8)
[B2] : 2{BRUF =2{B) {{B}
[Bs]: 2{BRUY =2{{B} {B:s}
01 Uf (gmp—g — €F8 — (30— €030 ) +20F ok +20F (oo} +20F (5]
—2U¥ +2UF {B1}} +2UF {{B2}) +20F ({Bs} = {{B2}} + {{B3}} + {{B3}}
It is then straightforward to determine
- pln -
P o1}
P w2}
 {os}}
ut = |” , B.9
ot (B.9)
(B}
B2}
RSN
with the fifth term
w_ " n 1
UF = gy + o (0B + ool + sl = 5 (oF B+ {03} + {0 o)

FABOY (B0 + (B - 5 ({BR) + (B3N + ({B3))).

We see that the function U# is symmetric with respect to its arguments and is consistent to the state vector if
the left and right states are the same as

p 4 p

pu1 pu1 pu1

pua pv2 P2

g pvs L pus N I L (B11)

wme— + 51717 + 3 11BI? 25+ 517012 + 3 1IB? E

By B1 By

B> B2 B>

B3 Bs B3

Again, the entropy conservative temporal state fully couples all time levels. Thus, it is not a computationally
tractable option for approximating the solution of the ideal MHD equations. The entropy stable upwind temporal
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state given by

" p—(v3)— p—
Ut = . Bo=_—F
26-(y—1)
(B1)-
(B2)-
| (B3)-

+ % ((v1)2, + (v2)2 + (vg)z,) + % ((B1)2, + (B2)2 + (B3)2,) (B.12)

is a more feasible choice.

B.1 Spatial part for Magnetohydrodynamics

For the ideal magnetohydrodynamic (MHD) equations, the entropy analysis is slightly more complicated due to
the divergence-free constraint on the magnetic field

— -
Vz-B=0. (B.13)
The divergence-free constraint must be incorporated into the ideal MHD equations as a nonconservative term in
order for the discrete entropy analysis to mimic the continuous entropy analysis, e.g., [1,12,[8,[12/[34], as it can be
- —
that Vg - B # 0 for a numerical discretization.

The inclusion of this nonconservative term alters the derivation of the entropy conservative (or entropy stable)
numerical flux in the three spatial directions. Moreover, the entropy flux potential ¢ as shown in (2.38) contains
an influence from this nonconservative term and has the form

[W]T FEC = [w;] with @ = WTF; — F? +0B;, (B.14)

fori=1,2,3 and N
0=wTr =28(7 - B). (B.15)
See [8,12] for complete details on the derivation of entropy stable spatial flux functions for the ideal MHD

equations.

The DGSEM approximation on general curvilinear meshes discussed briefly in Section [2| and fully presented in
Gassner et al. [22] remains largely the same for the ideal MHD equations. The only issue is how to compute,
at high-order, the volume contributions and surface coupling of the nonconservative term proportional to the
divergence-free condition present in . We will present and briefly discuss the modified spatial operator and
how it fits into the present analysis in this work. We note that complete details on the DG approximation for the
MHD equations can be found in Bohm et al. [2].

The spatial operator from (2.44) for the ideal MHD equations takes the form

<> <>
Ag(U, ) = ﬁ<ﬁN.FEC,¢ +ﬁ / <<pT F*—(F-a)),1) dS
2 NXxXM 2 B3 M

)

YR+ 3 [ (T () ), 0

0E3,N

(B.16)

where we have additional contributions in the volume and at the surface of the nonconservative terms. The
nonconservative volume contribution is

oV gai]’k =2 XN: Dim (Tiik (Emjk A{rat }}(iym)jk))

m=0
+Djm (Tijk (Eimk : {{Ja)z}}i(j,m)k»

+ Dim <Tijk (Eijm ' {{Ja)g}}m&m))) '

(B.17)
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where 0 = 0, ..., M. If we select the test function ¢ to be the interpolant of the entropy variables, W, then the
volume contributions become the entropy flux at the boundary [2], i.e.,

S 2 — - 2
<DN. FEC’W>NxM M <TDN. (B) ’W>NxM _8E3/,N <Fﬁ7 1>M ds. (B.18)

For the nonconservative surface contributions, we define the interface coupling to be

— O -
(T (B-ﬁ)) —r- {{B}} A, (B.19)
where the “—” denotes that the value is coming from the primary element. We typically suppress this notation
unless it is necessary to make the manipulations clear. Furthermore, it holds

{{E’}} ~B_= é [[B’ﬂ . (B.20)
Then the last term in becomes

[ (Wi (@) -x(Ba))a) as= [ (W) v ({B}}-B)-a1) as

OE3 N OE3 N (B 21)
1 o1 '
=5 / <9 [[B]] -n,1>M ds,
dE3 N
where we use the definition of 6 from (B.15). Thus, the property (2.41) becomes
b At . . ~ 6
Ag (FW) = T / <WTF;; ~WTE, 4 F} 4 [[E]] ‘A, 1> ds, (B.22)
dE3 N M

in the case of the ideal MHD equations.

If we again introduce the contravariant flux notation (2.53) then summing over all the interior faces gives us

gT: > % / <[[W””“]]TFZ”“* - ﬂ(wnvk)Tﬁg*’“ﬂ + [[F,SL]] T oy [[79’]] -ﬁ,1>M dS=0, (B.23)

n=1 Ir;terl?r 9E3,N
aces

due to the entropy stable numerical fluxes for the MHD equations in each Cartesian direction . ‘We note
the additional surface term for the magnetic field components B comes from the orientation of the jump operator
and that the physical normal vector 7 is defined uniquely at the interface [2]. By summing over all space-time
elements and applying the inequality , we obtain

Kr Kg

Z Z Ag (%"nk’wnk)

n=1k=1

= ?gB 3 % / <(W"vk)TFg”“’* - <W"’k>T I % (Brry —B7) -4, 1>M ds

oundary 9E3. N
faces ’

S5 s 2 [ (e e - [ e ] o [A] ), as

n=1 Interior

faces OE3 N
aces

Kr —

At T . T . - 0 N =
— Z Z / (Wn,k> F’CLJC,* _ (Wn,k> Fi+ F:nquys + (andy _ B_> a1 ds,
2 n [ 2 iy
n=1 Boundary H9E3 N
faces !

(B.24)
where BP9 is the magnetic field evaluated from an appropriate boundary state. So, we obtain a discrete entropy
equality of a similar form as (2.66) up to the prescription of proper boundary conditions for the ideal MHD
equations.



36 Lucas Friedrich et al.

We note that the entropy preserving MHD fluxes are not enough to ensure a stable discretization for discontinuous
solutions. A dissipation operator, like the one found in 2], must be added to the entropy preserving flux functions.
Then, the equations and become inequalities. However, even with these inequalities, a discrete
entropy inequality of a similar form as can be proven.

C Proofs for the temporal entropy analysis

In this section, we apply the following identities which result from the properties of the SBP operator Q

K n
> Qijlalg ) = > Bijaj =—ally, (C.1)
,j=0 i,7=0
K K K
> Qi lali ;) €oB5) = > Qijaib; —ablty =— > Qijazb;, (C.2)
i,j=0 ,j=0 ,j=0

K K n n
1 1 1
> Qi [y @By Uebuy =— 5 D0 Quaibics +5 D0 Quaibic; — 5 > Qjasbici,  (C.3)

i.7=0 i,7=0 i,j=0 4,j=0

where K = M; N and {a}X,, {}5 and {c}X, are generic nodal values. These identities can be proven in a
similar way as the discrete split forms in Lemma 1 in [23]. Thus, we skip a proof in this paper.

C.1 Proof of the inequality (2.59)

The coefficients of the SBP operator Q are given by Q,9 = wsDy,¢ and the SBP property (2.30) supplies
20950 = Qs — Qoo + Byg. Thus, it follows

N M
(MUBC W) = DT wikdige Y 2Qe0Wai U (Uoigk, Usige)
,5,k=0 0,0=0

N M
Z wijkJijk Z QaeWijU# (Uoijrs Uoiji)
i,7,k=0 0,0—0

(C.4)

N M
T
- Z Wi i kJijk Z Qeawgiij# (Usijk, Uoijk)
i,7,k=0 ,0=0
N M
T
+ > wirdige Y Boo Wi U% (Ugiji, Ugijin) -
i,7,k=0 0,0=0

The two-point state U# is symmetric, hence we obtain by the substitution o «— 6 in the penultimate sum in

equation ((C.4)

N M
(IMUECW) = 3T wirdie Y 200Pea WU (Ugije, Usige)
x ijk=0 0,0=0
N M
= > wisedijk Y Qo0 [WI 0655 U7 (Usiji, Usiji) (C.5)
ijk=0 7,0=0
N M
+ Y wisrdijr Y, BooW2i i U (Ugiji, Ugijr) -
ijk=0 5,0=0

Next, since U# is consistent, it follows

N M
Z Wik Jijk Z Boewgiij# (Usijr: Uoiji) = <WTU,J>

N’, ’
ijk=0 7,6=0 1
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Furthermore, since U# satisfies the property (2.32), we obtain by the identity (C.I)

N M

> wiskdije Y, Qo6 [[W]]%:,ﬂ)ijk U# (Ugijk, Usiji)
ik=0 ,6=0
N M
= > wirdijr Y Qol® (D(o,0)i5% (C.7)
4,5, k=0 ,6=0
ol 1
=— > wirdigr 2(U)|L, == (@(U), I)y], .
,5,k=0

Next, by plugging the equations (C.6) and (C.7)) in (C.5), we obtain the identity

<J]D>MUEC,W> - <WTU,J>N‘ — (@ U), Dyt = s @), Dyl (C.8)

1
NxM —1

Finally, a summation of the temporal part (2.43) over all space-time elements and the identity (C.8) provide

Kr Kgs ~ Ks T
Ap (Un,k’wn,k) - S(UM)+ Z <<WKT,k> (UKT,k,* _ UKT,k> ’Jk>
n=1k=1 k=1 Nlr=1
Kr Kg .
-3y <[[Wnk]] unte o (Unt)] 7Jk> (C.9)
n=2k=1 Nlr=-—1
_ Ks T
S (U (0)) _ Z <<w1,k> (Ul’k’* _ Ul,k) ’Jk> ,
k=1 Nlr=—1
where the quantity S (U (T)) is defined in (2.57) and the quantity S (U (0)) is defined in (2.60).
This completes the proof for the identity (2.59).
D Proofs for the temporal kinetic energy analysis
D.1 Proof of Theorem [4| (Kinetic energy preservation)
We choose ¢ =V as test function in the equation (2.42) and sum over all space-time elements to obtain
Kr Kg o
>3 (AT (Umk, vk + A (F"kvnk)) —o0. (D.1)
n=1k=1

First, we investigate the temporal part of the space-time DGSEM. We proceed as in the proof of the identity
(2.59) and obtain by the SBP property (2.30)

N M
(IDMURER V) = ST widie Y 2Qe0 Ve UNT (Ugiji, Usign)
ijk=0 7,0=0

N M
= Z wijkJijk Z Q50 [[V]]Z,,g)ijk UXEP (U,yjk, Ugsjn) (D.2)
i5k=0 ,0—0

N M
T KEP

+ E wijkJijk E ByoV ;iU (Uoijr: Ugiji) -

ijk=0 0,0=0
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The definition of the quantity V provides

N M
Z wijkJijk Z Qso HV:[]’(TG,G)'L'jk UXEP (U455, Ugiji)
k=0 0,0=0

N M
1 v d
== > wipdijr Y Qoo [Ivlzﬂ( é))..,CUIfEP (Usij Usiji)
ijk=0 ,0=0 M

N M
+ > wigkdigk Y Qoo [l (505 Us " (Usijks Unijk) (D.3)
ijk=0 0,6=0

N M
+ Z wijikJijk Z Qoo [v2](0,0)i5k UEEP (Ugiji, Ugijn)
k=0 .00

N M
+ Z Wik Jijk Z Qo0 [v3](,0)i5k UKEP (Usijrs Uoiji) -
i5k=0 0,0=0

Next, it follows by the properties (3.24) of the state UXEP and the identity (3.8

N M
D wikdige Y Qo0 [V 0yi56 U (Usish, Ugizi) = 0. (D.4)
ijk=0 ,60=0

UKEP

Furthermore, since is consistent, we obtain

N M
1
D wiskdigk Y Boo Ve U¥ (Uoiji, Usi) = (JU, V) i | - (D.5)
ijk=0 7,6=0

Next, we obtain by (D.2), and (D.5)
Ar(U,V) = (JU*, V5|1, (D.6)

Since, the space-time DGSEM is applied with Dirichlet boundary conditions in time, a summation of the temporal
part (2.43) over all space-time elements and the provide

Kr Kg Kr Kg -
Z ZAT (Un,k’vn,k) _ K(U (T)) _ Z Z <[[V"’kﬂ Un’k’*,Jk>
k=1k=1 k=2k=1 Nlr=-1
2 ] (D.7)
-3 <<V_1‘_lc) Ul,k,*’Jk> ’
k=1 Nlr=-1

where K (U (T)) is given by (3.21). The temporal numerical state functions U* have the property (3.24) at the
interior temporal boundary points. Thus, we obtain

Kr Kg

S <[[Vn,k]]TUn,k,*’Jk>

k=2 k=1

=0. (D.8)

Nlr=—1
Furthermore, at the exterior temporal boundary points, the temporal numerical state functions U* satisfy the
property (2.78). This provides the identity

— ulk
T=—1

- ybk

T=—1

ULk k=1,...,Kg, (D.9)

)
T=—1

where ul*k|_r:71 = u¥ (0) is the initial condition prescribed to the conservation law in the spatial cell ey,
k=1,...,Kg. Thus, we obtain

7KS 1\ T £11, k>
kz::l<(v+) Uk g

K

- K (u(0) - <[[vlvkﬂTulvk,Jk>N

T=—1 k

9]

, (D.10)

T=—1

N

Il
i
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where K (u (0)) is given by (3.22). Therefore, the equation (D.7) becomes

Kr Ksg

SO A (UnE VER) = R (U(T) - K (u(0)

= (D.11)
Kg

_Z <[[Vl,k]] 1,k Jk>
k=1 Nlr=—-1
Next, we consider the spatial part of the space-time DGSEM. In Appendix|D.2, we prove the identity
N <r>KEP N N (=
<1D> F ’V>NxM —<v5-]1 (U) enr / <F + piia, > ds, (D.12)

OE3,N

where F: := F* . f and F* is the polynomial approximation of the kinetic energy flux f"‘. It follows by (2.45)

- 1.,
VTF, = &m (—5 |T|% + pv3 + ppu1 + pv1v3 + pvlvg)
1
+ 4n2 ( 3 |T|° + pviva + pv§ + pPua + pv2v3)
1 (D.13)
+ $n3 (—5 |T|? + pvivs + pv3vs + pvf + ppv:a)
1 12 fam> —> A= —> Tl 5
=5 D17 (87 - T)+p (87 - T) = Ff + poa
Thus, we obtain by (D.12) and (D.13)
AS(F“’) == 5 (T ™(@) )y
At K ~ At T K ~
+ 2 / (Fg +poa,1) ds+ 2 / (VIE, = B —poa,1)
(D.14)
9E3,N B3N
=2 At T go*
<V (v) >N><M+7 / <V Fﬁ’1>M
OE3,N
Additionally, the conditions (3.31) and the properties (3.8) of the jump operator provide
- 17,
VITF: = émy (_5 [“U'z]] FUKEP | [0 F2KEP o [0, FOKEP | [y;] FH KEP)
1 —
+ éng (75 [U 2 |2]] Fl JKEP + [o1] Fg,KEP + [o2] Fg,KEP +[vs] F;L,KEP)
. 1o,
+ éng ( L [“ 2 |2]] Fl KEP + [[Ul]] Fg,KEP + [[02]] Fg,KEP + [[’U1]] Fg,KEP)
xep (1 D.15
— s FPF ([P + o)+ Bl ) + o] o) + el ) O
JKEP 1
4o B (2 TR + [l for )+ [oad o2 + [oa] €1 + [os] o))
1
+ s B3 (=0 [17R] 4 o] or ) + o (o2} + Toa] oo} + [es] €0}

={{p}} 67 - [V]) = {p}} [3a] -
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Next, we sum the equation (D.14) over all space-time elements and apply the identity (D.15). This results in

Ky Kg Kr Ks
ZZAS(Fnk v k) ZZ <V§ HN( nk>7pn,k>N><M
n=1k=1 n=1k=1

T .
+Z o= / <(v"k) F?;’“’*,1> ds
n=1 Boundary 9E3.N M
faces ’

—Z Z / <[[V"’k]]TFZ’k’*71>M ds (D.16)

n=1 Interior

B 9E3 N

aces
Kr KS

oSS AT (G () )
n=1k=1 NxM

35S A (e ] ), eseme

n=1 Ir}terlor OE3, N
aces

where

K n
BC::XT: 3 A; / <(V"’k)Tﬁ‘Z’k’*,1>MdS. (D.17)

n=1 Boundary S9E3.N
faces ’

The term BC in (D.17) vanished, since the space-time DGSEM is applied with periodic boundary conditions in

space. Finally, we substitute the results (D.11) and (D.16) in (D.1), use that BC = 0 and rearrange terms. This
results in the final equation

Kr Kg

K (U(T)) = K (U(0)) +ZZ*<V4 (ER) )

n=1k=1

£35S A [ [ ), 08 D19

n= 1Ir;ter10r OE3 N
aces

+z (] e v

Nlr=—1

D.2 Proof of the identity (D.12)

The definition of the spatial derivative projection operator (3.26) supplies

-
<]D>N~ FKEP,V>
NxM

M N

<>
= Z Wo Z {"-’ijQimV?;ijk (FKEP (UoijkaUmjk) ’ {{J‘Yl }}(i,m)jk)
=0  4,5,k,m=0 (D.19)

R
+ wszQJ’m o-zgk (FKEP (Uoijkaoimk) : {{JEQ}}z(],m)k:)

> q
+ wi;2QkmV az]k (FKEP (Usiji: Usijm) - {{JEJ}}ij(k,m)) }
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The numerical flux functions satisfy the symmetry condition (3.28). Thus, by the same arguments as in the
appendix (C.1) and the SBP property, the first sum on the the right hand side in (D.19) can be written as

N

M <>
Sur S w2V (F (Unig Unnigt) - T B0

=0  ijkm=0

M N o
= Sur 3 wnQun VI (PP (Uai Uamit) - {7 W ) (D.20)
o=0 i,7,k,m=0

N

M <>
+ Z Wo Z w]kB”nVozgk (FKEP (Uo'ijkan-mjk) . {{J?fl }}(z,m)]k) .
o=0 i,j,k,m=0

For the last sum on the right hand side in (D.20), it follows
N

M <>
Swr 30wtV (FEEP (Uaiii Unn) {7 )

o=0 i,5,k,m=0

(D.21)
M N
K - T —1 kK — T —1
= We Wik (FaNjk +paNijaNjk> JaN]-k* (Fo'Ojk +pgojkvgojk) J(J,O]-k s
=0  j,k=0
<
since the numerical flux functions are consistent with F and the equation
T (5 —1 K NI
vl (F.Ja =(F +pv) Jal, (D.22)

is satisfied at the nodes. Moreover, we obtain by Jameson’s conditions (3.29) and the property (3.8)) of the jump
operator the identity

<~
VL (FEP (Ui V) - LT B 1)

3
1 —
= > { T2 [['” |2]]cr(i m)jk FoRP (Uoiji, Uomin) {7051} (i
s=1 ’

+ {{vl}}g(i,m)jk Hvlﬂa(i,m)jk F;’KEP (Uoijkv Uamjk) {{Jai }}(i,m)jk
+ {28 o (5,mysk 021 (5,m) 0 B3 (Uarignes Uomin) {Ta8 s
+ {vsH o, myjk [v8lo i m)jk FLUEEP (U0, Upmgn) {{Jal }}(i,m)jk
+ [slogi,myjn P51) oo myjn 1 as B myin }

II ]]o'(z m)jk (2 {{p}}cr(i,m)jk {{Ja)l }}('L,m)]k - {{p‘]a)l }}o-(i,m)jk)

for all nodal values, since the equation (3.30) provides

(D.23)

(psl)o'(z m)jk {{Jas }}(z m)jk =28pMo(imsk {{Jal}}(z m)jk {{pja}ﬁ}}a(i,m)jk » =123 (D-24)

By combining the identity (D.23) with (C.2) and (C.3), we obtain

N <>
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0 i,5,k,m=0
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M N
= Z Wo Z Wik Lim ﬂ?ﬂoT(i,m)jk <2 B oi,myjk {{ua! }}(i,m)jk —{{psa! }}U(i’m)jk) (D.25)
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Then, we substitute (D.21) and (D.25) in (D.20). This results in the equation

M N o
Dowe D wir2QmViik (FKEP (Usijrs Usmin) - {{Jﬁl}}(i,m)jk)
o=0 i,3,k,m=0
_, oV (Jgat) oV (vTyal) (D.26)
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o=0 J,k=0
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In the same way, the second and third sum on the right hand side in (D.19) are evaluated. Thus, we also have
the identities

M N o
dDowe Y. wik2QimVi (FKEP (Usijis Uomik) - {{JEQ}}i(j,mm)
=0  i,j,k,m=0
L, oY (J7?) oI~ (BT 72) -
= U, —— A .
P ae2 ae2 P (D.27)
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=0  i,k=0

for the second sum on the right hand side in (D.19) and

M N o
dowe > wii2Qkm Vi (FKEP (Usijks Usmijn) - {{J‘_fs}}ij(k,m))
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for the third sum on the right hand side in (D.19).

It follows that

s=1

oV (BT Jae) = N/
ST @), o
NxM
and by the definition of the discrete surface integrals (2.28)
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Moreover, we note that the contravariant coordinate vectors are discretized by (2.21) and thus, the discrete metric
identities (2.22) are satisfied [29]. Hence, it follows

23: <p? anN(ms)>

= Tooes NxM

_ A S L. L. J D, J 1 D, T 2 D 7 3

—Zwa Z WijkPoijk (Ul)o'ijk; Z Zm( al)mjk+ Jm( al)imk+ km( al)ijm
m=0

=0 i,5,k=0

. (D.31)

+ WijkPoijk (V2) g4k { Z Dim (Ja%)mjk + Djm (Jag)im,c + Dim (Jag)ijm

m=0

N
+ wijkPoijh (V3) 45k { > Dim (Ja3),, ;. + Dim (Ja3) ;.1 + Dim (Jag)ijm}} =0.

m=0
Therefore, by plugging (D.26), (D.27) and (D.28) in (D.19), we obtain the desired identity

> 2
<DN. FKEP7V>
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E Entropy conservative and kinetic energy preserving flux of Ranocha

Here, we state the entropy conservative and kinetic energy preserving (ECKEP) flux for the Euler equations
recently developed by Ranocha [41]. The flux satisfies the entropy conservative spatial condition as well as
the KEP conditions of Jameson (3.31) on Cartesian meshes. The flux can be made entropy stable by adding a
matrix dissipation of the form (2.55) where complete details are given in Gassner et al. [22]. We rewrite the form
of the ECKEP originally presented by Ranocha through the use of the identity

% [a] [6] = {ab}} — {a}} {{o}} . (E.1)

We do so such that the ECKEP flux only involves arithmetic and logarithmic means. The flux in the z—direction
is given by
P o1}y
A o B2 + {op
FIIECKEP _ P o1} o2}
P {{or} {{vs}}

(d“ (Hon B + ool + ool = L ({2} + {031 + {03]) + (77) foal + 2 o} e} — oo )

()"
(E.2)
The ECKEP flux in the other Cartesian directions is then easily recovered by rotation.
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