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Abstract We present a hybrid continuous and discontinuous Galerkin spectral element approxima-
tion that leverages the advantages of each approach. The continuous Galerkin approximation is used
on interior element faces where the equation properties are continuous. A discontinuous Galerkin
approximation is used at physical boundaries and if there is a jump in properties at a face. The
approximation uses a split form of the equations and two-point fluxes to ensure stability for unstruc-
tured quadrilateral/hexahedral meshes with curved elements. The approximation is also conservative
and constant state preserving on such meshes. Spectral accuracy is obtained for all examples, which
include wave scattering at a discontinuous medium boundary.

Keywords Discontinuous Galerkin, Continuous Galerkin, Linear wave

1 Introduction

Spectral element methods, which have desired features of low dissipation and dispersion errors [I1], [I],
[7] and spectral or even exponential convergence rates [3], have been used for many years to compute
linear wave propagation problems. They have been used for electromagnetic wave [14],[25],[9],[4],
elastic wave [20], linear acoustics [23],[6],[22], and optics [24] problems, for instance. The discontinuous
Galerkin Spectral Element Method (DGSEM) version is robust, and in recent years provably stable
forms have been developed for curved element meshes [I3]. One of the reasons for its success is the
inter-element dissipation added at element faces introduced by the numerical fluxes. The DGSEM
approximations are also naturally suitable for problems with material interfaces where properties
jump.

Recently, a nodal Continuous (CG)/Discontinuous Galerkin (DG) hybrid method has been intro-
duced and used in the electromagnetics community for time domain Maxwell’s equations models [2]
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under the name of CGDGTD (CG/DG Time Domain). The authors note that hybrid approach has a
number of advantages. Parallelism, for instance, is enhanced at processor boundaries over a pure CG
approximation by exploiting the simplified coupling that DG elements have. On the other hand, in
smooth regions and away from processor boundaries the CG approximation requires fewer degrees of
freedom than DG, since nodes on both sides of a face do not have to be stored. The CG approxima-
tion also allows for a larger explicit time step, and has no inter-element dissipation. Combining the
approaches, then, allows for the advantages of each to be exploited. Second and third order methods
have been used with the hybrid approach.

The hybrid approach differs from a coupled CG/DG approximation, such as that proposed in [5].
In the mixed approach, some regions will be approximated by DG and other by CG, with a coupling
condition when the two approximations meet. In [5], for instance, the DG regions approximated
a first order system, while in CG regions a second order equation was approximated. Instead, the
hybrid approach approximates the first order system everywhere and the solutions and test functions
are allowed to be discontinuous along element faces along particular interfaces, specifically material,
physical, or processor boundaries.

In this paper, we present a hybrid continuous/discontinuous Galerkin spectral element method
(CG/DG-SEM) for systems of linear wave equations. As a spectral element version of the CGDGTD,
it has the advantages listed above for such a hybrid method, while stably allowing arbitrary order
approximations on curved elements. The approximation is applicable to, and stable on, unstructured
meshes on general domains with curved boundaries in up to three space dimensions with quadrilateral
or hexahedral elements. We show that the approximation is stable through the use of a split form
and two point fluxes. It is also conservative and constant state preserving even on meshes where the
elements have curved sides.

2 Linear Wave Propagation

We develop the CG/DG spectral element approximation for curved hexahedral elements to solve
wave propagation problems in multidimensional, multi-component domains as sketched in Fig.[I] The
domain 2 = UZ’;? 2™ is composed of Ny,qt component subdomains, 2™, each with uniform material
properties and constant wave propagation speeds within each domain. Although it is possible to imbed
additional components within subdomains, as 22 and 22 are embedded within 2!, for simplicity of
exposition we do not enable such embedding here. We are also mostly interested in the multiple
material problem here, rather than parallel computing advantages, so we do not specifically consider
interfaces where the inter-element properties are continuous. In any case, the numerical properties at
such interfaces are already addressed in other papers, e.g. [13].
We write the wave equations on a domain {2 as hyperbolic linear systems of the form

3
of;
i=1 "

where u is the state vector, f; = A,u, i = 1,2,3 are the covariant fluxes, ¥ = (z,y,2) = (z1, T2, 73) is
the space coordinate vector, and A;, ¢ = 1,2,3 are the covariant coefficient matrices. The coefficient
matrices are expected to be piecewise constant, representing uniform properties, and are assumed to
be discontinuous at component boundaries in the domain.

Equations that can be written in the form include the equations of linear acoustics [22], elastic
waves [26], geometric optics [24], and Maxwell’s equations [20]. The example we use here is that of
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Q

Fig. 1 Two-dimensional diagram of the domain {2 composed of Ny,qt = 3 component subdomains, 2. Properties
may jump at interior component boundaries, I'] and I»

linear acoustics with state vector and coefficient matrices

0 Si1pc® Siapc® dizpc
A = |Fa/p O 0 0
o dia/p 0 0 0 ’
dis/p 0 0 0

i=1,2,3, (2)

SIS ~NL S

where p is the density of the material medium, c is the sound speed, and 4;; is the Kronecker delta.

For the approximation to be stable, the coefficient matrices, A;, must be simultaneously sym-
metrizable. To that end, we assume that there exists a constant symmetrizing matrix 0 < S < oo such
that A7 = S_léiﬁ = (A} )T. For example, a symmetrization matrix for the wave equation coefficient
matrices is

c0 0 0

o1/ 0 0

S=1001/p 0 | (3)
00 0 1/p

To compact the equations and the operations on them, we define block vectors (with a double arrow).
The flux and solution gradient, which are three-space vectors of state vectors, are block vectors,

< f]' — Uz
f= f2 y qu ES Uy . (4)
f3 uz

Block vectors are multiplied by block matrices. For example a diagonal block matrix and full block
matrix are

0 By Bip By

0, B=|By By By |. (5)
S

S
6G=10
0 Bsi Bss Bas

ol ©
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The vector dot product of two block vectors is a scalar and the dot product of a block vector with
a space vector is a state vector,

3
?'gzzfz‘Tgm 3'?:Zgifi~ (6)

3
ﬂm.‘f*:zgﬂ' : (7)

which allows the system to be written compactly as

We re-write in a split form by averaging it with the nonconservative system formed by applying
the product rule to the divergence of the flux, giving

ut—i—%{%z?—l—(ﬁt-x)u—i-x'@gu}=0, (9)
where A is the block vector of coefficient matrices,

A
A=A, |. (10)
Aj

Split forms are needed to prove stability of the approximation [13]. Since the coefficient matrices
can have jump discontinuities at subdomain boundaries, derivatives must of course be interpreted
weakly. Since we assume in this paper that the coefficient matrices are piecewise constant, with
changes only at the component boundaries, @D reduces to

ut+%{§m.?+x-§zu}:0. (11)

To completely pose the problem we must supply initial conditions, u(Z,t) = ug in {2, boundary
conditions g(7,t) along incoming characteristics on the physical boundary, I, and interface conditions
on the Nj,ir subdomain interfaces,

r=uMNmr;, (12)

see Fig. [1]

Conservative or nonconservative interface conditions can be specified at the component interfaces
[19],[18]. Conservative interface conditions require that the normal flux be continuous. Using the jump
notation [u] = ug —up, where left (L) and right (R) are defined relative to a normal direction, 7, the
conservative interface condition is

[& 7] =0. (13)
Remark 2.1 Sometimes it is possible to write the system in the non-conservative form
Bu;+A-Vu=0, (14)

where B > 0 and A -7 is continuous across the subdomain interfaces. Examples include Maxwell’s
equations [9], or elastic wave equations [26]. In that case, the nonconservative interface condition is
[u] = 0.
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In light of the possibility that the equation form (11)) can be conservative or nonconservative
depending on the interface condition (13 or [u] = 0, we define the conservative approximation as

Definition 2.1 The conservative scheme approximates the system (11)) with the conservative interface

condition .
2.1 Energy Behavior of the Continuous Solution
We show stability of the approximation by discretely mimicking the energy behavior of the PDE

system [21], so it is necessary to specify the behavior to match. We define the energy through the Lo
inner product and its induced norm

(@ V) = /Q oTvav, [lullg = (u,u)}? (15)

Except when it is necessary to explicitly designate the domain over which the inner product or norm
is applied, we will drop the subscript f2.

To form the equation satisfied by the energy, we multiply by (Sil)Tﬁflu and integrate over
2. Then

(o (5757w (B (57 57w+ (Kot (57) 57wy =0 00

Let us then define the symmetry variables as u® = S~ !u to write (16) as

1d 2 1 /2 <« 1 /9y =

5 g 11745 (Ve B0 4 5 (A7 Vo' ™) =0, (17)
where Af = S7'A.S, and ff = Afu®.

To manage the discontinuities at the subdomain boundaries, we subdivide the integrals in ([17])

into components. Let us re-define
Nmat

2 )
[a”]]7 = D [[u”l[m - (18)
m=1

Then
1d32NW1€<FSS LR S, 0t = 19
g I+ D0 g (Ve Bowt) g (A Sowtwt) =0 (19)

m=1

The inner product of the second term in the braces of (19) can be re-written into a volume

and a surface contribution using multidimensional integration by parts. The divergence satisfies the
multidimensional integration by parts formula

<€ -V, u> = / u'V.7ds - <\7’, §u> , (20)
aam  Joom anm

for some u,v. So

<Ks : @cus,us>ag - <€$usvxsus>ag - / utE - a5 - <6 ' Fs’us>an . 1)
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Therefore, the second term of cancels with the last term of leaving

4 ||uSH2+Mit/ u T 7dS =0 (22)
dt = Jogm '

Next, we separate the surface integrals over the physical boundary, I}, = 92, and the interior

interfaces,
Nm,at

d
el 3
m=1 0

The internal subdomain interfaces are counted twice in (23)), with normals in opposite directions.
Gathering them, (23]) becomes

% HusHQ _/F Hus,T?S . T_If]] ds +/F us,T‘f_-'s 7dS = 0, (24)

b

wTF . 7dS + / uTF . 7dS = 0. (23)

Qm\90R an,

where a single normal vector is chosen between the two at each interface point.
To bound the physical boundary surface term in , we use the fact that the system is hyperbolic
so that
£ .n= (XS -ﬁ) S=A%u® = A%Tu® + AU’ (25)

where AT = % (A £ |A]) are matrices with only positive or negative eigenvalues. If we apply boundary
conditions g to the incoming waves, then

iHuSHQ—/ [w"E 7] dS+/ WA tutas = [ g [An| gt ds, (26)
dt r I, I,
The third term is non-negative, so
iHuSHQS/ [[uS’TFS-ﬁ]] dS+/ g>7 ‘AS’—‘ngs. (27)
dt r I

The internal interface contribution is interesting in that it is not necessarily non-negative [19],[18]
if the interface condition is conservative. We will call the integrand of the jump term in the integral
over the interfaces

1 D - 1
Q(up,ur) = 5 [[uS’TfS n]] =3 [[uS’TASUS]] = —% {uSL’TiiuSL - u‘;}Ti%u}g{}, (28)
where A® = A® . 7. Since the system is hyperbolic and since A® is symmetric, there exists a matrix
P such that A® = BABT, and A is the diagonal matrix of eigenvalues. Then we can define the
characteristic variables

+
W:ET s _ W7:|, (29)
W
where w is associated with the positive eigenvalues of A® and w™ is associated with the negative

ones. The characteristic variables are chosen upwind at the interface according to
W};:Wj—, W =Wy, (30)

where the ‘+’ variables are computed so that the jump condition, (13)), is satisfied. In terms of the
characteristic variables, the jump condition is

+

w
PLA, [ L !
Wi wg

} =PrAr Wr} (31)
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from which wi can be computed in terms of wf/R [18]. Let us also write

/I+0]7 A_:{oo]. (32)

A= 0 0 0A"

AT 0 +_
0 /I—}’ A=

Then we can write Q in terms of the characteristic variables as, [I§],

1 - - 1 - | — —| -
Q(wp,wg) = -3 {wz’TAzwz - wj’TAij} —3 {WR’T ‘AR‘ Wp — Wy T ‘AL ’ W } . (33)

Finally, then, the behavior of the energy of the system with time is given by

% HUSH2 < 2/ QdS —|—/ g=T ‘As’i‘gs dS. Conservative (34)
r I

It is not necessarily true that Q < 0, so it is not necessarily true that the Lo energy norm is bounded
in terms of the initial and boundary data. In fact, the energy can grow by a bounded amount from
its initial value even if g = 0 [I8]. However, there exists an alternate norm in which the energy is
bounded [19],[18], and since the Lo norm is easier to work with, we will follow [I8] and use (34)) as a
surrogate to determine when the CG/DG approximation is stable.

Remark 2.2 Alternatively, if the nonconservative form of the equation, (14)), and the non-conservative
continuity condition [u®] = 0 is used, then the energy is bounded in the norm ||u5||?3 = (u®,Bu®) for
homogeneous boundary conditions. For along with [A] = 0, @ = 0 . Following the same procedure

used to find ,
dinwl)? < [ g7 |as|gods W tive interf (35)
pr || HB < g” A% | g onconservative interface.

Which, for g = 0, implies that ||u®||5 < ||lugl|5.

1
. _IN\T — 2 .
Finally, ||u®|| = <u, (5 1) S 1u> * defines an equivalent norm to the energy norm [lu]|, so we can

equivalently use u® or u when determining behavior of the energy.

3 The CG/DG-SEM for Hyperbolic Systems

To form the equations to be approximated, we multiply the split form equation @D by a test function
¢ € L?(2) and integrate over the domain

1

<uf,7§0>9 + 2

<Vx-f,<p>g+%<A-qu,cp>Q —0. (36)
For the hybrid scheme, the test functions will be further restricted to subspaces of ILQ(_Q) depending
on the continuity of the coefficient matrices. The split form is needed to ensure stability on curvilinear
meshes [13],[17].

Normally at this point one would apply integration by parts to separate the boundary and interior
contributions in prior to forming a CG approximation. Alternatively, for a DG approximation
one would subdivide the domain into elements and then apply integration by parts to each element’s
contribution. Instead, for the hybrid approximation, we first decompose the integrals over the full



8 David A. Kopriva and Gregor J. Gassner

domain into the sum of contributions over each component subdomain, since the domain is composed
of subdomains with different properties. Thus, we write

anat 1 N o 1 o
Zl {(utv ‘P>_Qm + 5 <v$ ' f7 QO>Qm + 5 <A ’ vfuv ‘P>Qm} = 07 (37)
m=

which we re-write as
Nm,at

Z {(ut,cp)nm +rm} =0. (38)
m=1

To avoid approximating functions that are discontinuous within elements by polynomials, we require
that subdomains be meshed so that subdomain boundaries are element boundaries. Since only the
boundaries of the subdomains will contain discontinuities, we see that ¢ € H' (2™) N L?(£2).

For each subdomain, we separate the boundary and interior contributions in by applying
multidimensional integration by parts. The second term becomes

(%ofp),, = [ oTitas- (f%), (39)
0m onm 0m
Similarly, the third term can be re-written as
(R-Voup) = (Ve ADg) = / ol ids — (u Ve 17 (9) (40)
aom m  Jaom am
where T .
g _ | o s v
A = A% . B () = A%‘P . (41)
A Az
When we substitute and into the components of and re-order the terms,
r" = / oTF ds — 1 {<u,€z D (¢)> + <‘F(u),€w> } . (42)
anm 2 nm 0m

Now we subdivide the domain into conforming hexahedral elements, which may have curved faces.
Then becomes the sum over all elements, which we group by subdomain in the sets 2}, m =
1,..., Nmat. There is no restriction on the number of elements per subdomain, as long as the global
mesh is conforming. Thus,

Niat
>3 {un ), +r'} =0, (43)
m=1 ee2}"
where )
m o < - H(T) < —
) = /émmmae@ £oids -5 {<u,vx f (cp)>e+<f(u),vxcp>e}. (44)

We see, then, that an element contributes a surface flux term (like in DG) at element faces that lie on
a subdomain (including physical) boundary. Away from a subdomain boundary, there are no surface
terms, as in a CG approximation.

Since the test function is allowed to be independent between subdomains as in a DG scheme
between elements, it follows that

> ) 418} =0, m=1,2,... Npat. (45)
ee 2"
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Equation implies that the approximation is stiffness summed within subdomains. Coupling be-
tween elements on subdomain boundaries is done through the surface flux as in DG.

We evaluate the elemental contributions on the reference element £ = [~1,1]* and so transform
the inner products element by element. Elements are mapped from E to an individual element e by
an isoparametric mapping

where .
E=n 0= (¢ ¢) (47)
are the reference space coordinates.
Now let [27]
Jail Jail Jail
M = | Jasl Ja3l Ja3l| (48)
Jail Ja?l Ja3l
where [12]
Jal, = —i; - Ve x (Xﬁgxm) , i=1,2,3, n=1,2,3, (n,m,1) cyclic, (49)

and the Jd' are the volume weighted contravariant basis vectors. Then converting to reference space
(c.f. [27]),

695 '?Z %6& . (f)ﬁT}—') = %HE ? = %6& . (Xu) (50)
and
Veu = EZ = lsm Ef, = lmﬁ{u, (51)
Uz J uC j

where J is the volume Jacobian and A = ML A is the block vector of the contravariant coefficient
matrices.
When we represent the volume terms on the reference element, the elemental contributions become

(u, p), = (Jut, @) (52)

and
= [ Gas - g {(w e T 0) + (F). %) ) (53)

The surface integrals can be written in either physical or reference space. The relation between
physical and reference surface differentials is [27]
Jd'

ds’ = |Ja'|d¢’ de* = 7} dSE, (54)

where the face Jacobian is J ; = ’J 6’i|. We can write the normal surface flux in either reference

element, f -7, or physical, £ n, variables through

Therefore,

/ ?-ﬁdsng F.mds. (56)
oOF Oe
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With an abuse of notation in the surface integral, we write the elemental weak form for each
element in the subdomain 2™ as

i = /ammE o7 7 dSe — % {<u A (<p)>E + (¥(w), 9ﬁs<p>E} : (57)

The boundary contribution appears only on those element faces that lie on the subdomain boundaries.
All faces internal to a subdomain are handled by the continuity of the test functions and solution
through the stiffness summation, .

Finally, we can write in terms of the contravariant fluxes by moving 901 over to the other side
of the second inner product of ,

v = /awaE o7 7dSe - % [ % .?<T>(¢)>E + @(u),€§¢>E} . (58)

3.1 Approximation of Functions and Integrals

We are now ready to approximate the equations, which we do by using function and integral approxi-
mations that are spectrally accurate [3]. For the spatial approximation, we represent functions of the
reference domain coordinates by polynomials of degree N or less, written as PV (E) c L2(E).

A basis for the polynomials on E is the tensor product of the one dimensional Lagrange basis

N
S —8;
ws =11 —5 (59)
i=0sitl LT

with the property ¢; (sm) = 8y, L, m =0,1,2,..., N. The points s;, i = 0,1,2,..., N are the interpo-
lation points, whose locations will be the Legendre Gauss-Lobatto quadrature points.

With the Lagrange basis, we write a polynomial, U, in terms of its nodal values U, = U (&, n;,Ck)
as an upper case letter, which for three space dimensions is

N
U= Y Uirli(§) (0. (60)
i,5,k=0

One and two dimensional interpolants are special cases of . We also write the interpolation oper-
ator, IV : L2(E) — PN (E), as

N
IV ()= > (& ng Ce)(€) () (<) (61)
i,5,k=0

Solutions and fluxes are approximated by polynomials of degree N. Thus,

u~rUcPV(E)

P N bud
(U) =I¥(AU) = 7 AU (€) 6 (1) 4 (O) (62)

,5,k=0

e

©
f~

T~J=1"(7).
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F;urthermore, for constant state preservation we restrict the mapping )?e to be isoparametric, i.e.,
Xe € IP’N(E) [12]. The metric terms are then approximated by polynomials of degree N,

Jal, = —i; - Ve x }IN(Xﬁng) . i=1,2,3 n=123, (n,m,l)cyclic. (63)
Surface integrals and inner products are approximated by Legendre Gauss-Lobatto quadratures.
We represent the one dimensional quadrature of a function g(s) as
N

1 N
/ X g(s)ds = iz:(:)g (si)w; = ;giwi = /N gds, (64)

where the w; are the quadrature weights, which is exact if g € P2Y~!. By tensor product extension,
three dimensional volume integral approximations are

N
| otcandc= 37 g, (65)
E.N i,4,k=0
where w;j, = w;w;wy. Also by extension, we have the discrete inner product approximation
N
UVIN=> UjrVijrwige ~ (U, V). (66)
i,5,k=0

Surface integral approximations are represented as the shorthand notation

N N N
/BENﬁ'ﬁdS: Z Wi g1 (5,771‘,9)‘2:_14— Z wijg2 (fiyﬁ,Cg‘)‘,l?:_l-i- Z Wi 93 (fi,??ij)E:_l

1,7=0 1,j=0 4,7=0

- / grdndcli__y + / gadedCl __, + / gadédn|i__,.
N N N
(67)

With the shorthand representations, the Gauss-Lobatto quadrature satisfies the important sum-
mation by parts rule [16],[27],

<€5 : ﬁ,V>N - /a F.avds — <ﬁ €5V>N, (68)
E,N

for any block vector of polynomials F ¢ PV and any state vector polynomial V € PN, Equation
is the discrete equivalent of .

3.2 The CG/DG-SEM Approximation

We replace fluxes in by polynomials and integrals by quadratures, and restrict the test functions
to be continuous polynomials over each subdomain and piecewise continuous over the full domain,
giving
m Tt) . 1 — ‘:’(T) heg —
Re = [#2] F- ndS§ — = U7 V£ -F ((,0) + F(U), Vg(p . (69)
0QMNIE,N 2 N N
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Then over each subdomain,

> {(JUL@)y +RI} =0, m=1,2,... Nnat, (70)
ecQy

and over the whole domain,
Nimat

Y > {(JUL ey +RIY =0 (71)

m=1 EEQ;{L

We also need to couple the elements across subdomain boundaries and apply boundary conditions
to the physical boundary integrals, which is done as usual with a numerical flux. When we replace
the subdomain boundary flux with the numerical flux, F*, the CG/DG-SEM approximation of the
hyperbolic system on element, e, is

Ry = | o P @S 3 {0V F D) 4 () Vi) |} (72)

which is the “weak form” of the approximation.
The upwind numerical flux is found using the jump condition and the upwind evaluation of
the characteristic variables, (30)),

* A T A Wj—
F' (UL, Ur) =ALPp | (v | = ArPr | (=

R
+ Wjj|

AY%
L =
W] =Bata |32

(73)
= BLAL

where A = A -7 and the matrix P now contains the eigenvectors of the matrix A When the coefficient
matrices are constant, or at the physical boundary, the numerical flux (73)) reduces to the usual form

AU, + AUy

F* (UL, Ugr) = 5

1+ < 1+
+ 5 [A| (UL - TR) =AUy - 3 [A| U1, (74)
where {-} is the average of the left and right states.
Finally, like DG, it is possible to construct alternate forms using summation by parts [27]. Applying
to the two terms in braces in , gives us an equivalent strong form

R[Sl] = / (pTF* de - / L,OTF . ’deSE
oN™mNOE,N OE,N (75)
L /Gu i .
t3 {<V§U’F (¢)>N + <Vf F(U)’¢>N}'

But Rjgq) is used only in the context of the global sums, and (71). When summing over all
elements, the surface fluxes from the interiors of subdomains cancel due to continuity of the test
functions and normal flux, except at the physical and subdomain boundaries. Therefore, it is acceptable
to ignore those terms in the local representation except at subdomain boundaries, leaving a functionally
equivalent strong form

Rig) = /arzmmaE,N o' {F* _F. n} dSe + % {<€5U,§(T)(<P)>N + <€5 F(U), <P>N} : (76)
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If, on the other hand, we only use summation by parts on the flux divergence term in (72}, and
again realize that we can ignore interior surface integrals because they will cancel in the stiffness
summation, then we get the “directly-stable” form

Rips) = /8rzmmaE,N ol {F* - %E . ﬁ} dSe + % {<€5U,§(T)(<P)>N - <§(U)’€£¢>N} . (77)

Remark 3.1 We re-state for emphasis that spatial approximations Ry, Rjs) and R[pg) are not pre-
cisely equivalent as they are for a purely DG scheme [I6], but are functionally so when used in the
stiffness sum . The surface terms left out of R(s) and Rpg) would cancel at CG interfaces, and
hence contribute nothing to the global sum. Since they are not necessary, we drop those terms both
in the presentation and in the implementation.

3.2.1 Two-Point Flux Form

Each of the functionally equivalent spatial approximations, , , , , presented so far

suggest that three derivative (matrix-vector) operations must be performed per space direction, one
each to compute the volume quadratures. For example,

N

1 2 3
= Z Fgu)kDm + Z Fz(n)kDJn + Z F§]7)1Dkn’ (78)
n=0 n=0

V-F

ijk

where D, = €, (sm) is the derivative matrix. Then if we select the test function to be ¢;¢;¢; indi-
vidually for each component (c.f. [15]),

N

= £ 1 2 3

<v§ : F(U),Eiéjﬁk>N = wijk {Z F)D,, + Z F2 D, + Z nglekn} . (79)
n=0

The other volume terms can be represented similarly in such a matrix-vector multiplication form [27].
If we add back the zero equal to the divergence of the coefficient matrices [I7], the three terms
can be combined into a single matrix-vector differentiation of a two-point flux [27],

3 { (S0 ED0), (% B 0) J+ 5 (% &) Uip), = (B 07) 0

where the special divergence operation is

B (F)*(¢,n,¢) —22 (OF 1 (€,7,¢6n,m,C)
L EF2(E 0, G s ) (81)

+ Z%(C)F#)3(§7 m, <7 ’57 m, Cn)

The two point flux itself can be written as the product of the average of two point values, for example,

F ik = {{Al }}(mi)jk_{{U}(n,i)jk' (82)

where

1
VHoni,e = 3 (Vi + Vaji) » (83)
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etc. is the two-point average operator. Similar formulas apply to the other components.
Using the two-point flux form, we get a form equivalent to the strong form, Rg (76,

Riq) = /MMMEW 0" {F _F. n} dse + <155- (E)#,¢>N. (84)

We gather the functionally equivalent forms of the spatial discretization inTable

Table 1 Functionally Equivalent CG/DG approximations to the spatial terms.

Form Approximation
hug pug 1 — -
Strong [S] / et {F* —F-n,dSe+ - {< gU,F<T)(<p)> + < ¢ F(U),<p> }
92mNIE,N 2 N N
hsg 1 — = =
Weak [W] / P F*dSe — = {<U e F<T>(<p)> + <F(U),V§Lp> }
802MNIE,N 2 N N
o 1g 1(/= = =
Directly Stable [DS] / T {F* e ﬁ} dSe + — {< gU,F(T>(cp)> — <F(U),V§<p> }
9N™NOE,N 2 2 N
r : +

Two-Point [T] /

4 Properties of the Approximation

The approximation with elemental contributions listed in Table |1} is stable. Furthermore, the conser-
vative approximation, as defined in Def. [21] is globally conservative and constant state preserving for
curved hexahedral elements.

4.1 Stability

To show stability of the CG/DG-SEM, we set ¢ = (S_l)TS_lU in the form [DS], (77). The volume
terms immediately cancel, because

<€EU,ﬁ<T> ((gfl)TgflU) >N = <6€5§*1U, (elﬁ(Us))T>N
- <€5§—1U, (e—lﬁ(US) 6)T>N (85)
- <€EUS,f‘S (US)>N,

leaving only the subdomain boundary terms. The elemental contribution to the subdomain sum ({70)
is therefore

s s m_ld s(12 s, T s,*_lt’s.A
(JUL,U")y + R =5 [|U \|J,N+/mmaE7NU {F 5F n} dse (86)
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where [|[U*||5 = (JU®, U%),.
Therefore, on each subdomain,

1d Z H 5|12 s, T S,% 1 (‘?s ~
=— Ulia+ D U SF" — SF°-fi 0 dSe = 0. (87)
J,N
2dt EEQZL ee_(zgz o0N™NOE,N 2
When we continue and sum over all subdomains,
| g Nmet ) Ninat 12
S UGy Y D U’ {F — an} dS¢ = 0. (88)
J,N
2dt m=1 e€ 2" m=1 ec2" 9QMNOE,N 2

As in the continuous problem, the interior subdomain interfaces combine as in a DG scheme so that

e {F&* B %ES ﬁ} aSe = - Z /N { HU37T]] o _ % HUS,T%S ﬁﬂ } dSe

interiorDG
faces

s, T S, 1(:’8 ~
+ > /NU {F ~5F -n}dS§.

Nmat

> >

m=1 ceqm JONNIEN

boundary
faces
(89)
Let us now define the discrete norm over the entire domain
2 Noat 2
10l =2>_ > [IUlin- (90)
m=1 ec2"
Then
1d s112 s, T S,% 1 s,T(:}s ~
sallClv=+ > /N{[[U | ¥ —§HU F ~nﬂ}ds§
e (1)
s, T 8,% 1 <:)s ~
- > /U’ {F ~5F -n}ds€.
boundary ¥ IV

faces
Comparing with , we can state: The conservative CG/DG-SEM approzimation is stable if
s, T S, % 1 i?s ~ 1 s, T s,—| _s
SUTTERY - O Sig"é"g (92)
at physical boundary points, and the jump condition
s, T S,k 1 s.T (:)5 ~
QNE[[U’]]F’—§ USTF 7| <Q (Wi, Wg) (93)
holds at points along the subdomain boundaries. For if and hold, then

d 2 T —
Zud|]s <2 /QdS + /gs’ ‘AS’ ‘ngS, (94)
allolise 3 fase 3 g

which is the discrete equivalent of the PDE bound .
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The required bounds and have been proved previously in [I3] and [I§]. The physical
boundary bound, , was proved in another form in [I3]. We include a simpler proof in Appendix
[A] where we show that

1

—usT {F - %F n} = —% (U7 -8°)° + %g“ - %USLAS’JFUSL < §gS7T ‘A“‘gs, (95)

where U = /|45~ |U, and g° is defined similarly. The bound was proved in [I8], which showed
that

_ _ 2 — — _\2
Qv = QW L, W) — (W = WE)” = (Wo - W) <Q(W,, Wh), (96)
where W+ = ‘/Ii|Wi.
Remark 4.1 The approximation of the nonconservative form of the system with the nonconser-

vative interface leads to a stronger condition like (35). In that case, the L norm is replaced by the
B-weighted norm, and the interface condition with continuous coefficient matrices

[osT] pe - |[US’T1~?‘HS n]] =3 [U]" |A%| [u*] <0 (97)

was shown in [8]. Then

d s s, s,—| s
Gy X [ &7 [ar|ease (98)

boundary
faces

which is the discrete equivalent of the PDE bound .

4.2 Conservation

The approximation of the conservative system (Def.[2.1)) is globally conservative in the sense that the
total state changes only due to flux through the physical boundary. We show conservation with form
[W]. Let ¢ = 1. Then 654,0 =0 and 65 FD(p) = 65 -A = 0. Then all three volume terms vanish.
Summing over all subdomains and elements, and using the fact that the numerical flux is continuous
at subdomain boundaries,

%Z/E JUdR = Z/a F* dS;. (99)

QNOE,N

4.3 Constant State Preservation

In wave propagation problems, especially, it is important that spurious waves are not generated by
the grid and element shapes. In particular, if the solution state is constant, its time derivative should
be zero, provided that the constant states satisfy the Rankine-Hugoniot (conservation) conditions at
the subdomain boundaries.

We use the strong form [S] of the spatial approximation, reproduced here,

‘:** < . 1 — pug — =g
Rig = / o {F - Foa} dSe+ o {(VeUFD (@) + (% -FULe) | (100)
00mNIE,N N N
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to show that a constant state is preserved. If the state is constant within a subdomain 2™, U = C™,
the gradient is zero so immediately the first volume term,

<€§C’"7 §<T>(¢)>N —0. (101)

The divergence of the contravariant flux for the constant state is (65 »SJJIT)XmCm, where we have
explicitly expanded the contravariant coefficient matrix for the subdomain 2. Then

<§s : §(U),<,¢’>N = <(55 'WT)XmCm,<P> (102)

N
If the metric terms are computed isoparametrically as in (63]), then 65 -9 = 0 [12], and the term
(102)) also vanishes. Otherwise, this term is non-zero.

Lastly, the subdomain surface terms vanish if the Rankine-Hugoniot (conservative) conditions,

F* (U™, U™) =A™ .4U™ = —A"™ . 4U™ (103)

hold for the constant states in subdomains 2! and 2™2 on either side of the interface. For then, in
om

>

=A™ AU — A" RU™ =0 (104)

hy

P

and similarly in ™2,
Summing over all elements and subdomains, and remembering that the form [S] has dropped the
non-subdomain face contributions that cancel in the stiffness summation,

Nmat

SN (JULe)y =0 (105)

m=1 e

The test functions are independent at points interior to an element and at subdomain interface points,
so for those points, it is immediate that Uyl,;;, = 0 at any such point ijk. Similarly, at shared points,

Numat
S ULy = > Jigrwirijk | Utlgnarea = 0 (106)
m=1 SEQ;L" shared

interface points

so the time derivative is also zero at shared CG points, and the time derivative of the solution state
is zero at all points in all elements.

5 Implementation Notes

The implementation differs from DG because of stronger coupling between the elements due to conti-
nuity of the approximate solution and test functions. It can be split between element interior points
and element face points. Interior points are decoupled, for we can choose ¢ = ¢;(£)¢;(n)¢(¢) at those
points. Element face points on subdomain boundaries are treated as in a DG approximation and are
coupled through the numerical flux. Face points in the interior of a subdomain are coupled through
stiffness summation.

Although the four forms listed in Table [I] are functionally equivalent, we implement the two-
point flux form since it requires only one matrix vector multiplication in each direction to compute
the divergence. Using the two point flux form, we can write down the spatial part of the elemental
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contribution to the global sum by replacing the test function with the local nodal basis functions,
giving
R, = / 0l 0y {F _F. n} dSe + <ﬁ~ (ﬁ)#,eizjek> . (107)
0N™NOE,N N
When we evaluate the quadratures we get the explicit representations of the pointwise values of
R;jr [15]. The boundary terms are non-zero only at physical or subdomain boundary nodes so we

introduce a function x;; that is one at physical boundary and subdomain interface points and zero
otherwise. Then

N
Rijk = {{F}K\rﬂ'k —Fnjr- 5} OiN Wik XNjk — {ngk — Fojk '5} di0 Wik Xojk T Wijk Z QFﬁ’}i)jkDm}

n=0
N
Sk s ~ Tk - ~ 7,2
+ [ {Fine — Fine - 01} 658 wir Xink — {Fior — Fiok - 1} 650 wik Xiok + Wik Z 2Fﬁn7j)kpj":|
n=0
N
+ {F;'ij —Fijn - C} Ok N Wij XijN — {F?jo —Fijo - C} Sok Wij Xijo + Wijk Y QFZ@;’(i’k)Dkn
n=0
(108)
The time derivative term is
(JU 60501 ) = 35 Usjiwiji, (109)
and since element interior and DG face points are decoupled, at those points
. 1
Ujip=——Riip. 110

Element faces inside a subdomain are coupled by stiffness summation. The solution value is con-
tinuous and the test function is taken to be one at a shared point and zero everywhere else. Then all
elements sharing that point contribute both in the time derivative term and the space approximation
terms. For a particular Lagrange polynomial ¢, that is one at a given point (7,7,k) = * and zero

everywhere else,
> UlJiw. =) RL. (111)
€ €

Since the solution value is continuous among all the elements at the point, we can factor that out of
the sum on the left so .
_ Ze R‘*

- Ze J,SUJ* ’
The sum will contain contributions only from the elements that contribute to the point.

Finally, the equations (110) and (112 are integrated in time with an explicit high order Runge-
Kutta method, which has a typical CFL type restriction on the step size.

Us (112)

6 Examples

We present three examples comparing the use of CG, DG and the hybrid approach for the propagation
of waves through single and multiple media. In the first example, we compute waves on a Cartesian
mesh with a single material and demonstrate spectral accuracy for all three approaches. The second
example is computed on domain with curved elements. The final example demonstrates spectral
accuracy for plane wave reflection at a material interface.
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6.1 Planewave Propagation on a Cartesian Mesh

In the first example we solve the acoustic wave equation in the split form @D with the coefficient
matrices in two space dimensions on the domain 2 = [~5,5]?. The mesh consists of 20 elements
of equal size in each direction. Time steps in all examples were chosen small enough so that the error
is dominated by the spatial approximation.

The exact plane wave solution to the system is

u=ay (E«ffw(tfto)) (113)

REFRE =

where 1) is a given wave function, a is the amplitude, k is the wavevector, and w is the frequency. We
present results for p=1and c=1, a =1, k= (@, %), w = 57/2 and, to = 3. For the wave function,
we choose the wavepacket

P(s) = sin(ws)e_sz/(‘w)z, (114)

with 02 = —(MT)?/(41n(10™*)), where M = 4 is the number of modes in the significant part of the
envelope and T = 27 /w is the period.

Results for pure CG, pure DG, and a CG/DG approximation are shown in Figs. [2] and [3] In the
case of the hybrid approximation, all interfaces are CG except along the line x = 0, where DG is
applied, even though the properties are continuous there. Fig. [2| shows solution contours for the CG
solution.

Error convergence at time ¢ = 5 is shown in Fig. [3]| The hybrid CG/DG mesh produces the same
error as the CG to four digits. Most important to note is that the CG approximation shows an
even-odd convergence behavior, whereas the full DG approximation, with an upwind numerical flux
at all element interfaces, does not in this example. Note, however, that DG can also exhibit such
behavior when using the central flux [I0]. For all the approximations the error decay is exponential,
and doubling the number of nodes in each direction decreases the error by about three orders of
magnitude.

6.2 Planewave Propagation on a Curved Element Mesh

We compute the second example on a non-Cartesian mesh with curved elements. This time, we choose
1 to be a sine function. Contours of p from the CG approximation are shown in Fig. 4] overset on the
spectral element mesh with internal degrees of freedom.

We show the spectral error convergence on the non-Cartesian mesh in Fig. [f] As in the previous
example, the CG approximation shows even-odd behavior whereas the DG does not, though not to as
pronounced an effect. Doubling the polynomial order from six to 12 decreases the error by over five
orders of magnitude.

6.3 Constant State Preservation

We demonstrate the expected constant state preservation using the curved element grid shown in
Fig. [ where the curved circular boundaries are approximated by polynomials of order five. For that
geometry, the approximation is isoparametric for N = 5, and so the metric identities hold discretely
for N > 5 [12].
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Fig. 2 Contours of p for the CG approximation to (113 on the Cartesian mesh at time t = 4.
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Fig. 3 Convergence of DG, CG and hybrid approximations for wavepacket convergence on a Cartesian mesh
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Fig. 4 Contours of p for the CG approximation to a sinusoid on a non-Cartesian mesh with curved elements
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Fig. 5 Convergence of DG and CG for the non-Cartesian mesh
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Fig. 6 Convergence of the CG approximation on a constant state solution and the mesh of Fig.

We plot the maximum error for a constant state as a function of polynomial order in Fig. [6] As
expected, the error is non-zero when the boundary approximation is superparametric. As soon as the
geometry and solution approximation orders match, the error drops to rounding error levels.

6.4 Wave Scattering at a Material Interface

In the final example, we show exponential convergence for the hybrid CD/DG approximation of wave
scattering at a material interface as sketched in Fig.

PL> €L PR> CR
)%%(?l

kLT

T

Fig. 7 Geometry of wave scattering at a plane material interface
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Table 2 Parameters for Plane Wave Reflection Problem

Parameter ‘ M w kzz k; pPL PR CL cp to
Value | 4 57/2 05 +/3/2 1 04 1 07 3

The exact solution is the sum of incident, reflected and transmitted waves. With the incident
wavevector defined to be

B= ( g4 yy) (115)
the reflected and transmitted wavevectors are

k= % (—kiz + k39)

5 (116)
o w CR N2~ | CR i~
k' = . \/1— (E) (k) m+ak;y
The corresponding exact amplitudes are
a” 1 t ot i3
=7 (prerky /K" — prepky/k),
(117)
at 1 T /T % A
=7 (pLecky /K" — prepki /K)
where k = |k|, and
J = —prerky /K + prepky /K. (118)

Then each component of the solution has the form with the appropriate amplitude and wavevec-
tor.

We compute the solution on the square domain 2 = [~5,5]% with the material interface at z = 0.
The mesh is Cartesian with 20 equal size elements in each direction. Other parameters for the problem
are shown in Table 2

Fig. [8] shows the contours of p at time ¢t = 5 for N = 10. Clearly seen at the material interface is
the solution jump, which is where the DG approximation is applied. Exponential convergence of the
error is shown in Fig. [0 where increasing the polynomial order from five to ten decreases the error by
over three orders of magnitude.

Regarding stability, we plot the energy behavior measured as the L2 norm as a function of time
in Fig. As expected from and , the energy of the continuous and discrete problem have
the same behavior and is not bounded by the intitial value. Nevertheless the Ls energy is bounded
for both and vanishes as the waves exit the domain.
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Fig. 8 Contours of p for the transmission and reflection of a wavepacket at a material interface using the hybrid

CG/DG approximation
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Fig. 9 Convergence of the hybrid CG/DG approximation for scattering at a material interface



A Split-Form, Stable CG/DG-SEM for Wave Propagation Modeled by Linear Hyperbolic Systems 25

T I
4+ o CG/DG {
—— Exact
37 .
= Ll i
=
17 .
07 .
| | | |
0 5 10 15
t

Fig. 10 Time variation of the Lo energy for the scattering problem shown in Fig.

7 Summary

We have presented a stable, conservative, constant-state preserving spectral element method for
isoparametric curved quadrilateral or hexahedral elements. It is a hybrid continuous and discontinuous
Galerkin method where faces along subdomain boundaries use a DG numerical flux and otherwise
use a continuous Galerkin ansatz. The hybrid approach allows the strengths of each method to be
exploited. Numerical experiments show that the method is spectrally convergent for continuous and
for discontinuous solutions when the discontinuities fall along element boundaries.
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A Proof of Physical Boundary Dissipation

<
We show that (92) holds. As for the continuous problem, let A® = A% -7 be the normal coefficient matrix. The
physical boundary can be viewed as being between two identical media so the numerical flux reduces to the standard

upwind flux ,
1 1
F$* (Up,Ur) = A>TUL + A5 Ui = 5 (F; +F%) — 5 |A°| (Ug —Uyp). (119)
Then
S,* S?)S ~ 1 s 1 e 1 S 1 s S 1 s
Fo" —oF° A= SA°(Up + Ug) - 5 [A*|(Ur = Ur) = SA°UL = S (A” —|A*) U +  |A®| UL (120)

Since U? is the value taken from the interior, i.e. Uyp,

<

15 1
U {F - SF n} = ULA" Ugp+ JUL|A"|U (121)
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But [A%] = A5t — AS ™ so

1£ 1 1
usT {F - 51«“5 n} =ULA Ug+ 5ULASﬂLUL - iULAS”UL. (122)
Also, A~ = — |As’_{, SO
s, T S,k 1 <~—>s ~ S,— 1 S,— 1 s,+
—SE =-ULl|Aa rtT ZUL|A L+ZULA L
Ust (BT —OF np=-UL|A>"|U +5U |A*~|U +5ULAYTU (123)
The last two terms are non-negative.
To simplify the next few steps, we define U = |AS’* ‘U. Then
s, T 5,% 1 t)s - 1 = 2 T 1 s+
Ut Fo - OF :g(UL) ~ULUgr + ;ULAY UL (124)
Completing the square,
o 12 1, - 1 - 1
us” {F - F n} =5 (0L - Ug)® - 3 (ORr)*+ SULATUL. (125)

Replacing the external state Ugr with a boundary condition g,

=g 1 1 ,- 1 1
usT {F - §F5 n} =5 (O —g)° - §g2 + §ULA5’+UL. (126)

Therefore,

IN

—_usT f;:s,* _ lf;:s L5 =2 197
n g (127)

1
2 2

When we return to the original variables, we get the desired result, (92).
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