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Abstract This paper is concerned with the accurate, conservative, and stable imposition
of boundary conditions and inter-element coupling for multi-dimensional summation-by-
parts (SBP) finite-difference operators. More precisely, the focus is on diagonal-norm SBP
operators that are not based on tensor products and are applicable to unstructured grids
composed of arbitrary elements. We show how penalty terms — simultaneous approximation
terms (SATs) — can be adapted to discretizations based on multi-dimensional SBP operators
to enforce boundary and interface conditions. A general SAT framework is presented that
leads to conservative and stable discretizations of the variable-coefficient advection equation.
This framework includes the case where there are no nodes on the boundary of the SBP
element at which to apply penalties directly. This is an important generalization, because
elements analogous to Legendre-Gauss collocation, i.e. without boundary nodes, typically
have higher accuracy for the same number of degrees of freedom. Symmetric and upwind
examples of the general SAT framework are created using a decomposition of the symmetric
part of an SBP operator; these particular SATs enable the pointwise imposition of boundary
and inter-element conditions. We illustrate the proposed SATs using triangular-element SBP
operators with and without nodes that lie on the boundary. The accuracy, conservation,
and stability properties of the resulting SBP-SAT discretizations are verified using linear
advection problems with spatially varying divergence-free velocity fields.

1 Introduction

We are interested in high-order discretizations that obey the summation by parts (SBP)
property. The SBP property mimics integration by parts, and it greatly facilitates the con-
struction of high-order schemes that are conservative and provably stable (linearly and non-
linearly) [1-3]. We are, in addition, interested in the flexibility provided by SBP operators
that do not have a standard polynomial basis representation. In principle, this flexibility
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can be used to optimize SBP operators in various ways. For example, their efficiency can
be improved by reducing their spectral radius or decreasing the number of floating point
operations per node.

SBP methods have predominantly been developed in the context of high-order finite
difference methods [4,5] where the nodal distribution in computational space is uniform; see
the review papers [6,7] and the references therein. While SBP methods have been extended
in a number of ways, for example see [8-11], the majority of these developments have been
limited to one-dimensional operators that are applied to multi-dimensional problems using
tensor-product operators in computational space. An interesting exception is the work by
Nordstrom et al. [12], which presents a vertex-centered second-order-accurate finite-volume
scheme with the SBP property on unstructured grids.

The tensor-product approach, while adequate for many applications, has limitations
when applied to complex geometries and in the context of localized, anisotropic mesh adap-
tation. This motivates our interest in generalizing SBP operators to more general multi-
dimensional subdomains, i.e. elements.

Building on the generalization in [9], we presented an SBP definition in [13] (see also [14])
that is suitable for arbitrary, bounded subdomains with piecewise smooth, orientable bound-
aries. For diagonal-norm' multi-dimensional SBP operators that are exact for polynomials
of total degree p, it was shown that the norm and corresponding nodes define a strong
cubature rule that is exact for polynomials of degree 2p — 1. This connection to cubature
rules greatly simplifies the construction of SBP operators, since many suitable cubature
rules have already been identified in the literature [15]. In this paper, we will only consider
diagonal-norm operators.

SBP derivative operators do not inherently enforce boundary conditions or inter-element
coupling. The majority of SBP-based discretizations rely on simultaneous approximation
terms (SATs) [16-19] to impose boundary conditions, as well as inter-element coupling
when the solution space is discontinuous. SATs are terms that impose boundary data and
inter-element coupling in a weak sense and lead to stable and conservative schemes without
impacting the asymptotic order of the discretization.

In [13] we derived SATSs for multidimensional diagonal-norm SBP operators and showed
that the resulting discretizations are stable for the linear constant-coefficient advection equa-
tion. Indeed, for constant-coefficient advection these penalties are the strong-form equivalent
of the boundary-integrated numerical flux functions used in [20]. The SATs described in [13]
can theoretically accommodate variable-coefficient advection problems; however, they are
not practical for this class of problem because new SBP operators would be needed when-
ever the variable coefficients change.

The multi-dimensional SBP operators in [13] were designed to have a unisolvent set of
nodes on each face for the appropriate space of polynomials. This constraint was imposed,
in part, to simplify the construction of pointwise SAT's, but it increases the total number of
nodes required for the SBP cubature. For example, the quadratic, cubic, and quartic SBP
operators for the triangle require 7, 12, and 18 nodes, respectively, rather than the 6, 10, and
15 nodes necessary for a total-degree basis [13]. A similar trend is observed for tetrahedral
elements. Given the quadratic complexity of matrix-vector multiplication, there is impetus
to minimize the number of volume nodes. In addition, it is well known that strong cubature
rules without boundary nodes tend to be more accurate than rules with boundary nodes for
the same number of nodes [15].

In light of the limitations of the SATs used in [13], the objectives of the present work
are to:

1. generalize the SAT definition to accommodate multi-dimensional SBP operators that
may not have a sufficient number of boundary nodes to construct adequate face cubature
rules, including operators that have no boundary nodes, and;

1 The norm matrix can be viewed as a mass matrix.
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2. develop SATs that lead to provably stable and conservative schemes for variable coeffi-
cient partial differential equations (PDEs) in split form.

The remainder of the paper is organized as follows. After introducing some notation, Sec-
tion 2 reviews the definition of multi-dimensional SBP operators from [13]. Section 3 demon-
strates the decomposition of the symmetric component of the SBP-derivative operator by
considering a set of auxiliary nodes on the boundary using interpolation/extrapolation oper-
ators and face cubature rules. In Sections 4 and 5 the general framework for construction of
stable and conservative SATs is presented and two examples of SATs are discussed. In order
to illustrate SATSs on a concrete example, Section 6 presents two families of SBP operators
for the triangle and describes how SATs are constructed for these operators. A numeri-
cal verification using the linear advection equation with a spatially varying divergence-free
velocity field is given in Section 7, and conclusions are provided in Section 8.

2 Notation and review of multi-dimensional summation-by-parts operators

This work builds on [13], so similar notation is maintained for consistency. As in that work,
we focus on two-dimensional operators to simplify the presentation. One notable difference
between the present work and [13] is that we consider general (smooth) bijective mappings
from physical to computational space. Domains and their boundaries in physical space are
denoted with (2 and I', respectively. The corresponding sets in computational space are
given by 2 and I Physical-space coordinates are represented with (z,y) € {2, and the
computational-space coordinates are given by (£,n) € 2. Several definitions and theorems
are limited to operators defined in the £ coordinate direction, since operators defined in the
other directions are analogous.

Functions are denoted with capital letters with a script type; e.g., U(&,n,t) € L2(2 x
[0,7]) denotes a square-integrable function on the space-time domain 2 x [0, 7]. Functions
and operators are discretized on a set of n nodes, S, = {(&,m:)}i; C 2. The restriction
of a function to the nodes is a column vector that is represented using lower-case bold font.
For example, in the case of U we would write

u = [Z/{(§1,771), s 7u(§n7nn)}T .

A number of definitions and theorems rely on the monomial basis, defined below in
(partial) order of nondecreasing degree.

Pil(&m) =€, k=jG+1)/2+i+1, Vje{o1,...,p}, 1€{0,1,....j}

The cardinality of the monomial basis of total degree p is denoted

«_ (ptd
w=(3")

where d is the spatial dimension; for d = 2 this gives N = (p+1)(p+2)/2. The monomials
and their derivatives evaluated at the nodes are represented by the n-vectors

Pk = [,Pk(glvnl)v s 77)16(5713777%)}’1‘)

Py Py T
and pj = [(%(517771),~--,a€(§m77n)} :
We can now state the following definition of a multi-dimensional SBP operator that was
proposed in [13]:

Definition 1 Two-dimensional summation-by-parts operator: Consider an open and
bounded domain 2 C R? with a piecewise-smooth boundary I'. The matrix D¢ is a degree
p SBP approximation to the first derivative % on the nodes Sp = {(&,mi)} i, if
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I. Depr = pyj,, VEe{l,2,....,N;};
II. D¢ = H™'Qg, where H is symmetric positive-definite; and
III. Q¢ =S¢ + %Eg, where Sg = —S¢, Eg = E¢, and E; satisfies

PrEcDm zygmmngdﬂ Vik,me{1,2,..., N},
I

where r > p, and ng¢ is the £ component of n = [ng, nn]T, the outward pointing unit normal
on I.

A diagonal-norm SBP operator is one where H is a diagonal matrix. As mentioned in the
Introduction, such diagonal-norm operators are closely linked to cubature rules and, under
mild assumptions on a generalized Vandermonde matrix, the existence of a cubature implies
the existence of an SBP operator [13]. Conversely, the norm matrix H is a cubature rule
satisfying

pTHp,, = / PePmd,
0

where, at a minimum, H is of degree 2p — 1, i.e. the above equality holds provided Py P,, is
at most degree 2p— 1. In addition, since H is symmetric positive definite, it defines the finite-
dimensional norm (hence the name, norm matrix) that is a degree 2p — 1 approximation to
the L? norm:

||u||H_uTHu%/U2de.
2

We use this norm frequently in the following stability analysis.

3 Decomposition of E,

The pointwise nature of SATs complicates their direct application to multi-dimensional SBP
operators, which may not have any nodes on the boundary of their domain. Fortunately, as
we show in this section, the E¢ and E,, matrices of many multi-dimensional SBP operators
can be decomposed in terms of nodes that lie on the boundary of 2. These auxiliary nodes
provide a straightforward means of applying traditional SAT penalties.

In order to proceed, we introduce some assumptions regarding the reference element, fz,
and its boundary, I.

Assumption 1 The reference element ?isa polygon, and its boundary I is piecewise lin-

ear with I' = U Iy and ﬂ] 1FJ = (. Furthermore, for each F there exists a strong

cubature rule, with nodes Sy = {( ,771 )}?Jl and weights {b(j)}l 1, that exactly inte-

grates polynomial integrands of degree q > 2r, where r is the integer used in property III of
Definition 1.

Remark 1 The assumption that the reference element is a polygon is reasonable; for example,
the most common finite elements are polytopes in computational space.

Assumption 1 ensures that we can evaluate element boundary fluxes with sufficient
accuracy in computational space. For example, the cubature rule for each I allows us to

write .
J
| Prlemmnear = ng 340 (.0).
J i=1

for all polynomials Py, of total degree ¢ or less, where ¢ > 2r. A similar expression holds
for fluxes in the 7 direction. Note that n¢; is constant over I}, due to linearity, so it can be
pulled outside the integral.
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Our approach to imposing boundary and interface conditions pointwise is to inter-
polate/extrapolate the solution from the element nodes onto the cubature nodes S o=

G M ‘ 7 | using operators R;. To decompose E¢ an. , these interpolation/extrapolation
@) pldyns tors R;. Tod E¢ and E,, , these interpolat trapolat
operators must be sufficiently accurate. Specifically,

(Rpp), =P (67.0") =12 my VEE (L2 N,

where r > p.

We first prove that we can construct E¢ that satisfy the requirements of Definition 1
using the interpolation/extrapolation operators, R, and the face-cubature rules from As-
sumption 1.

Theorem 1 Let Assumption 1 hold and let S = {(&, 1)}, be a given a nodal distribution

on the domain £2. Then, a matriz E¢ that satisfies the requirements of Definition 1 can be
constructed as

Ee :anjR]TBjRj, (1)
j=1

where B; = diag (bgj),béj), .. .,bgf;)) is a diagonal matrix holding the cubature weights for

I';, and R; € R™*™ is a degree r > p interpolation/extrapolation operator from the nodes
Sy to the nodes of the reference boundary domain, Sfj,

Proof The terms RJT B,R; are symmetric by construction. Therefore, we need only show
that the accuracy conditions of Property III hold. Since the R; are exact for degree r > p
polynomials, we have, ¥V k,m € {1,2,..., N},

PLEePm = anngR;rBj Ripm
j=1
K T
= anj sz(])Pk (é-i(J)’nl(J)) Pm (51(])7771(]))
j=1 i=1

=> / PrPmne; dI,
j=1"13

where we have used the linearity of the mappings (see Assumption 1) and the fact that
the product PP, has total degree less than or equal to 2r < g. The result follows by the
additive property of integrals. a

Next, we prove that we can construct a multi-dimensional SBP operator D¢ from a given,
sufficiently accurate, strong cubature rule and an E; matrix that satisfies the requirements
of Definition 1. For this result, we will need the degree p (rectangular) Vandermonde matrix

V= [p17p27"'7pN;:| 3

as well as the associated matrix containing the projection of the & derivatives of the mono-
mials
Vf = |:p/17p/27 e 7p{7\/;:| .

Theorem 2 Let the diagonal elements of H and the nodes S = {(&,m:)}i—, define a degree
2p—1 strong cubature rule on the domain 0. If the Vandermonde matriz, V, associated with
the nodes Sp has full column rank, and Ec € R™™™ is symmetric and satisfies Property 111
of Definition 1, then there exists at least one degree p SBP operator, De = H™!(S¢ + %Eg),
based on the given nodes Sg and matrices H and Eg.
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Proof We must show that, for the given H and E¢, we can find a skew symmetric S¢ that sat-
isfies the accuracy conditions I. The SBP accuracy conditions can be recast as the following
set of matrix conditions:

v Ve
De [V W] = [V W, (2)

where W is a set of linearly independent vectors, of size n x (n—N;), such that V is invertible,
e.g., a basis for the null space of V. The matrix W¢ is of size n x (n — N;;) and is to be
determined. Using (2) and the multi-dimensional SBP definition, we can solve for S¢ as

- o1 1
Se = HVeV 1—§EE. (3)

What remains to be shown is that S¢ can be constructed to be skew symmetric using
We¢. Rather than doing so directly, we show that an associated matrix is skew symmetric;
left and right multiplying (3) by VT and V, respectively, results in

VIHVe = VIEV VIHW, — JVTEW @
WTHV, — IWTE.V WTHW, — IWTEwW|

2

gf = \~/TS£\~/ =

If we can show that gg is skew symmetric, this will imply skew symmetry for Se.
We first show that the block 55(1 t Ny, 1 N;) is skew symmetric;

Se(1: N3, 1: N3 +Se(1: Ny, 1: NH)T = VIHV, + VEHV — VIE:V = 0,

where we have used the compatibility conditions VTHVe + VIHV = VTE:V [4,5,9,13].
Next, notice that the entries in the lower-left block gg(N; +1:n,1: Ny) are fully
specified by V, W, and V¢. To make the rest of §§ skew symmetric, we specify the columns

of W¢ in order to match the upper-right block to the (negative transposed) lower-left block
and a zero lower-right block. In other words, for skew-symmetry we require that

- 1~ VT 1yT
Se(t, Ny +J) = VIHW, — SVIEW = [ Ve HW 43V Esw} .

0

Rearranging we have
- 1~ _\yT 1yT
VTHW, = 5vTEgW+ { Ve HW; 2V Efw} ;

which we can solve for W¢, because VTH is invertible. This particular W ensures that §§ is
skew symmetric, and, therefore, guarantees that S¢ is skew symmetric. a

Theorems 1 and 2 imply the following:

Corollary 1 If the hypotheses of Theorem 1 and 2 are met, then there exists at least one
degree p SBP operator whose E¢ has the decomposition (1).

Remark 2 The implication of Corollary 1 is that D¢ exist for which E¢ is constructed as
the sum of matrices, each of which is associated with a face I’ ; more importantly, it ex-
presses these constituent matrices in terms of the face cubature points and the R; operators,
facilitating pointwise imposition of SATs.
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4 Linear variable-coefficient PDEs

While the ideas presented in this paper can be used to construct SATs for PDEs in various
forms, one of our goals is to develop SATs suitable for split forms of nonlinear PDEs. Such
split forms can be used to prove nonlinear stability, for example of the Burgers and Euler
equations, and more generally are related to the entropy stability theory in Refs. [1-3,21,22].
Moreover, such split-forms can be advantageous in improving robustness [23]. Therefore, in
this section, we develop a general framework for constructing SATs to impose boundary
and inter-element conditions weakly for multi-dimensional SBP operators in split form. We
do so by examining the variable-coefficient linear advection equation in two dimensions in
skew-symmetric form. We review the use of the energy method to prove stability for the
continuous problem and then apply the same ideas to prove stability of the semi-discrete
equations. The goal of this section is to determine a set of conditions that, if satisfied, lead
to stable and conservative semi-discrete forms.

4.1 Stability and conservation of the variable-coefficient linear advection equation

Consider the divergence and skew-symmetric forms of the linear advection equation with a
. . . T
spatially varying velocity field, A = [Az, Ay :

ou
= V- (u)

1 1 1
== SV (AU = SA-VU = UV -,

for all (x,y) € 2 and t > 0. The initial and boundary conditions are

U(z,y,0) = F(z,y), Y (z,y) € 12,
U(x,y,t) =G(z,yt), V(z,y)el™, t>0,

respectively, where I" is subdivided into the inflow boundary,
I~ ={(z,y) € I'|ngAs +ny)y <0},

and the outflow boundary, I' = I'\I"~.

We use the energy method — applying a similar analysis to that in Ref. [24] to our two-
dimensional problem — to prove that the problem defined by (5) and (6) is stable; those
interested in further details are referred to the texts [25,26]. Multiplying the divergence form
of (5) by U and integrating in space results in

. U AU
/Quﬁdrz_ /Q<u U )d!). (1)

Equation (7) can be expressed in two alternative forms: i) using the Leibniz rule on the
left-hand side and the product rule on the right-hand side, or; ii) using the Leibniz rule on
the left-hand side and expanding the derivative terms on the right-hand side. Adding these
two alternative expressions leads to

d||ed))? N U INU? 20Xy 90Ny
—_— == —_— —2 | df2.
dt /Q Or + dy u ox +u dy d (8)

Using integration by parts on the first two terms of the right-hand side of (8) leads to

dfjul? _ > 2 (N | 0N,
g fru (s + 1y ) AT /Qu S+ ) de. )
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Assuming that the divergence of A is bounded, that is

N i 0y L Oy <%
= X —
(z,y)eR ox 3y - ’

we have that

O\ OX
2 & Yy < 2
/Qu < 5+ n ) dn < a|u|.

The following inequality results from breaking up the surface integral in (9) into integrals
over I't and I'", inserting the boundary condition, and making use of the above bound:

dju)? _

_—7( U2 o he + A AT + & G2lnade + nyAyldT + aljid]2
dt -

" (10)
< G*Inade + nyy |dT + o|lU||.

[
We integrate (10) in time and apply the initial condition (see [25] pg. 94), resulting in the
estimate

t
Jul < exp at) |77 + [ exp alt — 7)) B(r)ar
0
where 8= j{ G + nyAy|dL.
i

Thus, we see that the problem defined by (5) and (6) is stable in the sense of Hadamard,
that is, the solution depends continuously on the data [25].

Remark 3 In the numerical experiments presented later, we consider the special case of (5)
where the velocity is divergence free, V- A = 0, and the boundary conditions are periodic.
Under these assumptions, starting from (8), the energy method results in

du)?

0
dt ’

which shows that the energy is constant.

In addition to stability, we are interested in constructing schemes that are conservative.
To understand the discrete conditions that will be imposed, it is useful to delineate the
conditions on the continuous problem. The PDE (5) has an integral form representation
given as

g/Z/ldﬂ—&-}{?/ln-)\dF:O, (11)
dt Jo 7

where (11) holds for all arbitrary subdomains {2 C £ with piecewise smooth, orientable
boundaries I". Typically, the strong form (5) is discretized using SBP-SAT schemes; never-
theless, we would like our schemes to mimic (11) discretely on arbitrary domains composed
of one or more elements.

4.2 The generic SBP-SAT semi-discretization

In this section, we present a generic SBP-SAT semi-discretization of (5), and then determine
the general conditions on the SATs necessary to obtain an energy-stable, accurate, and
conservative scheme. We focus on SATs for inter-element coupling — weak enforcement of
boundary conditions is similar.
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“left” element “right” element

Fig. 1 Illustration of two generic SBP elements and their common interface used for the analysis of SATs.
The circles denote the volume nodes at which the solutions u;, and up are stored, and the black squares
denote cubature nodes for the face; the latter are introduced in Section 3.

The domain {2 is partitioned into E nonoverlapping elements: {2 = Ule 2. On each
element (2., the PDE (5) is mapped from physical coordinates to computational, or refer-
ence, coordinates. For a time-invariant transformation, this results in the following skew-
symmetric form:

OTU LN 1N AU MU U (0 | 0N
ot "2 8 2oy T2ae 20 2l Tan )Y (12)
where
_Oy, O _ 9%, , Oz _0z0y 0Ozdy
oyt Tyt T o e T agay T o

To present and analyze the SATSs, we consider the interface between two generic ele-
ments, labeled “left” and “right,” having solutions u; and wg, respectively; see Figure 1.
Suppose the left and right elements have k1, and kg faces, respectively. Then, without loss
of generality, we can index the non-shared faces such that the E¢; and E¢r decompositions
can be written as (see Theorem 1)

KL—l HR—l
EEL = Z E§L,j +n§LREBLRL and EER = Z EgR}j +n§RR1TgBRRRa
j=1 j=1

where the terms ng LREB Rz and n¢ RR%B rRR correspond to the shared face. Similar ex-
pressions hold for E,;, and E,r. In the following, we will focus on the shared face and will
drop contributions from the remaining k7, — 1 faces on the left and kg — 1 faces on the right,
unless otherwise noted.

The SBP-SAT semi-discretization of (12) is given by

d 1 1 1 1
N (JLuL) + inLAgLuL + §DnLAnL'UJL + §A§LD£L’U,L + iAﬁLDﬁLuL

U 1 -
+ 7L (DgLAgL]-L + DnLAnL]-L) = §HL1 (MszuL — MfRuR), (13)

SAT [,

on the left element and

d 1 1 1 1
— (JRuR) + iDgRAgR'UzR + EDnRAnR’uR + §A£RD§RUR + §AnRDnRuR

dt
U 1,,_
+ TR (DgRAgRlR + DnRAnR]-R) = iHRl (Mj\;RUR — M?;L’U,R), (14)

SATRr
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on the right element. These discretizations introduce several new matrices and vectors. For
instance,

AfL = diag (/\5(51,771), . .,Ag(ﬁnuﬁm)) y
Uy = diag (UL,17 ce 7UL,nL)7

JL = dlag (j(glanl)a e 7\7(€7LL77’TLL))3

are diagonal matrices, where ny, is the number of nodes in the left element. Similar definitions
hold for A, A¢r, Ayr, Ur, and Jr. In addition, 1;, € R®* and 1z € R™? are constant
vectors with entries equal to one.

The matrices M)5, € R™2xme MYS € RmXnr My, € RM*mR and My, € RMAxne
depend on the spatially varying field A¢ = [AE,)\U]T, in general, and this dependence is
reflected in the notation. It is these four SAT matrices that we seek to constrain using
stability, accuracy, and conservation conditions.

4.2.1 Stability

We begin by determining the condition imposed by stability on the SAT matrices. The
energy method applied to (13) and (14) consists of multiplying the equations by w}Hy, and
uRHpg, respectively, and adding the resulting expressions. After cancellation, and using the

T
fact that uTHd(;—Z‘ = %d“d't'”“, we find

d
— (UEHLJL’UIL +’UI£HRJR’U,R) =

dt
—ufUrHy (DerAerly + DyrAyrly) — upUrHg (DerAcrlr + DyrAyr1g)
—uIRTBLRLALuL + ufM)S uy — uf M) ug
— uEREBRRrARUR + UEMYur — uEMY ur,  (15)
where

Ar :nELA§L+nnLAnL and AR:nERA§R+nnRAnR~

As explained earlier, we have retained only those boundary matrices corresponding to the
common face shared by the left and right elements. The terms corresponding to the remain-
ing faces have been dropped to simplify the presentation.

We treat the first terms on the right, i.e. the terms on the second line of (15), in much
the same way as we did for the continuous analysis. In particular, assuming the coordinate
transformation is differentiable and has a bounded and nonzero Jacobian, we have

~uTUrHp (DepAerly + Dyr A1) < ’YL||UL|||2:|La
—uRhUrHR (DepAerlp + DyrAyrlr) < 'YRHURHQQR
where

YL = _GIﬁaX] [le (DfLAﬁL]-L + DnLAnL]-L)}Zw
2 snr,

YR = Max [JEI (DgRAﬁRlR + DnRAnR]-R)]

i€[1,nr) i’

and we have defined new norms |:|L = uEHLJLuL, |:|R = uITgHRJRuR. Using these bounds
in (15), and grouping the terms involving the SAT matrices, we obtain

d
= (sl + lual,) <€ (lusl, + lunll,)

A A
_ u? ] |REBLREAL = MG Mi%
MREL RJT%BRRRAR - MRER

) oo

UR
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for C = max(yr,vYr).

In order to bound the solution in terms of the initial and boundary conditions, the
matrix in the right-hand side must be must be negative semi-definite. This motivates the
first condition on the SAT matrices.

Condition 1 (Stability) The matrices I\/Isz, MziR, M;ER, and M;EL must be such that
REBLRLAL - M35, M5 R
M RLBrRrAR — M,

is positive semi-definite for all Ap, and Ng.
4.2.2 Accuracy

In order to maintain the accuracy of the base scheme, the SATs must add terms that are of
the order of the discretization. The required conditions are therefore given by
Condition 2 (Accuracy) The matrices MzéL, MzgR, M?;R, and M?%{L must be such that
_ A A 5
HZ! (Mygor = Mo ) = O(P),
_ A A 5
He' (MRERUR - MRgLvL> = O(h"),

where h is an appropriate measure for the linear dimension of the shared face, and vy and
v are the projection, onto the nodes of the left and right domains in physical space, of some
continuous function V(z,y), and p > p.

We will have more to say about the above accuracy condition in the context of specific
examples of SATs in Section 5.

4.2.8 Conservation

In order to determine the constraints on the SAT matrices such that the scheme is conserva-
tive, we multiply (13) by 1THy, and (14) by 13Hg and sum the expressions; this operation
is the discrete analogue of integrating the PDE over the volume consisting of both elements,
ie., 2 in (11). Simplifying the result we obtain

d
a (1EHLJLUL + 1%HRJRUJR) =
1
= [—1{RLBLRL/\LuL —1TALRTBLR, +1TM0E — 1£M,¥L} u,
1
+ 5 [~ 1AREBRRRARUR — 1EARREBRRR + LEMY, — 1EMS, | ua.

For conservation, we want the right-hand side to vanish for arbitrary w; and wg. Thus,
after rearranging the right-hand side, we arrive at the third, and final, condition on the SAT
matrices.

Condition 3 (Conservation) The matrices I\/szL, MzgR, M%R, and MIAfL must be such
that

17 (M35~ REBLRoAL) = 1AM s
- [1TR (—M,A;R n REBRRRAR) n 1{1\/@34 ugr
= (RpAL1) " BLRur 4+ (RrAr1R) " BrRrug

for allwr, ugr, N, Ng.

In the above condition, we have left the conservation conditions coupled and depen-
dent on the solution as this is the typical situation for numerical fluxes used for nonlinear
problems. We elaborate further on the conservation condition below.
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4.3 Divergence-free advection field

We conclude Section 4 by investigating the special case of a divergence-free advection field
in the variable-coefficient problem (5), i.e., V - A = 0. This case is of practical interest,
because it arises in the incompressible Navier-Stokes and Maxwell’s equations. We also use
this case to verify the theory for scalar variable-coefficient equations in Section 7.

In the divergence-free case, the skew-symmetric form of the PDE (5) simplifies to

ou

ot
and the SBP-SAT semi-discretization of (17) on the left element becomes

1 1
= 3V ()~ ZA- VU, (17)

d 1 1 1 1
pn Jrur) + iDgLAgLuL + iDnLAnLuL + §A§LD§LUL + iAnLDnLuL

1
= SHZ' (M5 s — MpSur) . (18)

The semi-discretization on the right element is similar.

It is straightforward to show that the stability and accuracy conditions remain the same
in the divergence-free case. However, the conservation condition is modified:
Condition 3’ (Divergence-Free Conservation) For the SBP-SAT semi-discretization

of (17), the matrices MiEL, MzgR, M;\%ER, and M3\§L must be such that

[T (M5~ REBLRoAL) — 1EM3 |
. [1,2 (foR + REBRRRAR) n 1EM2€R} wp =
17 (AerQer + Ay Qur) ur + 15 (AerQer + A2 Qur) ur

fO?” all ur, URr, AgL, AnL; AgR, and A'r]R-

Note that the right-hand side of the divergence-free conservation condition involves Qg
and Q,.

5 Concrete examples of SATs: symmetric and upwind SATs

The SATs presented in Section 4 offer significant generality, but they are also somewhat
abstract. In this section, we present two concrete examples of SATs — symmetric and
upwind — for multidimensional SBP discretizations, and we show that these SATs satisfy
Conditions 1-3 for stability, conservation, and accuracy.

The proposed symmetric and upwind SAT's require the following assumption that con-
strains the face-cubature rules and coordinate transformations of adjacent elements.

Assumption 2 The cubature rule of the face shared by adjacent elements has the same
number of nodes, v, in both reference spaces. In addition, the coordinate transformations
in the adjacent elements continuously map their respective face-cubature nodes to the same
locations in physical space. For example, in the case of the left and right elements we have

z (gL,ia 77L,i) = (gR,iv 77R,i) and Yy (fL,ia ”7L,i) =Y (gR,iv 77R,i) ) Vi= ]-a 2; el

where (§1.:,nL,:) and (Er,i,Mr,i) denote the ith face-cubature points on the left and right
elements, respectively. Furthermore, the scaled face-normal vectors, based on the coordinate
transformations along the shared face, are equal and opposite at the cubature nodes:

bri [T (neVE+n, V)], ;= —br; [T (neVE+n,Vn)lg Vi=1,2,...,v, (19)

where by ; and br; denote the ith face-cubature weights on the left and right elements,
respectively.
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Remark 4 In principle, the cubature rules for the shared face could use a different number
of nodes on the left and right elements, but this case is beyond the scope of the current
work.

Remark 5 Equation (19) is satisfied by isoparametric and subparametric coordinate trans-
formations that use the same (possibly scaled) cubature rule on each face.

Let A\, = Aene + \yn, be the advection velocity normal to the shared face. Then,
assuming that A\, and A, are continuous, one can use (19) and the definitions of ¢ and A,
to show that

bri (An)p = —bri (An)ps Vi=12,...,v. (20)

In other words, the cubature-scaled advection velocity normal to the face is equal in magni-
tude and opposite in direction at the coincident nodes along the face. We use (20) to define
the diagonal v x v matrix

Bx=BrAp, =BrAp g (21)

where
App = diag [(An) ,...,(/\n)L)V} . App=—diag [(An)m ,...,(An)RW] .
B, will play a central role in defining the symmetric and upwind SATs below.

Remark 6 Using (20) to define B) simplifies the proof of accuracy for the symmetric and
upwind SATSs, but it is important to emphasize that neither (20) nor (19) are necessary for
stability, accuracy, or conservation. Conditions 1-3 will still hold as long as B agrees with
(20) on the order of the discretization and satisfies (24) below. This is important, because
nonlinear problems will not satisfy (20) due to jumps in A, and A, across elements.

5.1 Symmetric SATs

Symmetric SATs are constructed by defining

My¢ = RIBLRiAL,  M)% = RTByRg, )
MY, = REBrRrAr, M}, = —REBARy.
Based on these matrices, symmetric SATs for (13) and (14) are given by
2H.SAT L gym = REBLRLALur — REBARRug, (23)

2HRSATR ym = REBrRrARUR + REBARLuL,

Theorem 3 The symmetric SATs (23) satisfy the stability and accuracy Conditions 1 and
2. In addition, they satisfy the conservation Condition 3 provided

].IT;B)\ (RL’U,L — RR’U,R) = (RL/\LlL)T BrRrur + (RR/\R].R)T BrRrugr (24)
for alluy, ug, N, Ar, where 14 is a vector of ones of length v.

Proof 1t is easy to see that the symmetric SAT matrices (22) lead to a skew-symmetric
matrix in Condition 1, which implies that the SATs (23) are stable.

To prove that the symmetric SATs satisfy the accuracy condition, we show that they
vanish for all polynomial face-normal fluxes, (A¢ng + Ayn,) U, of total degree p or less on
the reference domain. We do this for the left-element SAT only, since the proof is analogous
for the right-element SAT.

Let Apur = pg,; be the face-normal polynomial flux evaluated at the SBP nodes of
the left element (in reference space) — where we consider all Ay and wy, that satisfy this
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definition — and let Py py be the same polynomial evaluated at the face-cubature points on
the left element. Then, we consider those states on the right element such that

/\ﬁ,L(RRuR) =Pr.py,-

Note that such states up exist provided Ay ; Rg is full rank. The vector p; r defines the
“boundary” flux for which we must show the left SAT vanishes. We have

RIBLRiALur — RIByRrur = RIBLRiApup, — R{BL/\MRRuR
=RiB: (Rka,L —pkny) =0, Vke{l,2,....,N;},

where we have used By = BLAp ; and the fact that Ry, is exact for polynomials of degree
r or less, where r > p. Thus, the SAT is zero for all polynomial face-normal fluxes of total
degree p or less.

Finally, we substitute the M matrices into the equation in Condition 3 and find

1785 (Rpur — Rpup) = (RpAL1L)  BLRoug + (RrARLR)" BRRrug,

which is precisely (24). Therefore, if this constraint is satisfied, the symmetric SATs are
conservative. O

Equation (24) can be viewed as a constraint on the variable coefficient matrices Ay, Ag,
and B). There are a few ways this constraint can be satisfied:

— For scalar variable-coefficient advection, we can apply a preprocessing step to enforce
discrete continuity of the face-normal velocities, that is BpRpApl;, = —BrRrArlr =
Balp; we use a similar preprocessing step for the divergence-free variable-coefficient
advectlon case presented in the results.

— For nonlinear systems of PDEs, such as the Euler equations of gas dynamics, the variable
coefficients are functions of the solution and the coordinate transformation. In this case,
it is more convenient to consider pointwise conditions on a numerical flux Jacobian. To
illustrate, in the scalar case we would have

j\i [(RLUL)Z — (RR'U/R)Z] =F [(RLUL)Z ,’I’Li,L] + F [(RRUR)i;ni,R] s Vi= 1,27 PN 7N

where F|u,n] is the nonlinear flux in the direction n, and ); is the numerical flux
Jacobian at the ith common face node. Note that the pointwise conditions define a
secant-like equation for the numerical flux Jacobian, which is a common condition for
numerical fluxes used in nonlinear hyperbolic systems.

5.2 Upwind SATSs

To construct upwind SATSs, we define

MLLfRTBLRL/\LfR IBx|RL, szR:RT(Br\BA\)RR,

(25)
M), = REBrRrAR — REIBAIRR, MY, = —R% (By + [Ba|) Ry
Therefore, upwind SATs for (13) and (14) are given by
2HLSATL ,upwd — (RLBLRL/\L — R |B)\|RL) uy — RT (BA — ‘B)\D RR’U,R, (26)

2HRSATR jupwd = (RRBRRR/\R — R |B)\|RR) upr + RT (B)\ + |B)\|) Rrur.

Theorem 4 The upwind SATs (26) satisfy the stability and accuracy Conditions 1 and 2.
In addition, they satisfy the conservation Condition 3 provided

].;B)\ (RL’LLL - RRUR) = (RL/\L]_L)T BLRLuL + (RR/\R].R)T BRRRUR (24)

for allur, ur, Ar, Ar, where 14 is a vector of ones of length v.
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Proof The matrix in Condition (1) is positive semi-definite using the upwind SAT matrices
(25) if

[(Reur)” (Rrur)”] {_}Ei} _Ei] [EIL%Z;} =

[Ba| —|Bal

for all nonzeros wy and ug. This is satisfied, because the matrix |:—‘B)\‘ Bl

} has non-

negative eigenvalues.

The proof that the upwind SATs satisfy the accuracy Condition 2 is similar to the
accuracy proof of the symmetric SATs, so we omit it for brevity.

Substituting the upwind SAT matrices (25) into the conservation condition, Condi-

tion 3, we obtain the same constraint on the variable coefficients as for the symmetric
SATSs, namely (24). O

5.3 Divergence-free advection field with upwind SATs

We consider the use of the upwind SATs in the SBP-SAT discretization of the divergence-
free variable-coefficient problem, (17), because this is the PDE and the SATs we employ in
the results presented below. As remarked previously, the divergence-free case does not alter
the stability or accuracy of the discretization. Thus, we need only address the conservation
condition.

With upwind SATs, the equation in Condition 3’ reduces to

11TaB/\ (Rrur — Rrug) = 17 (AezQer + Az Qur) ur + 15 (AerQer + Ay Qur) ur, (27)

where we have made use of Rp1; = Rglr = 1. Unlike the non-divergence-free situation,
the conservation condition (27) is no longer local to the common face.

One way to satisfy conservation in this case is to define the discrete divergence-free
condition in such a way that (27) is satisfied. In particular, we require that A¢, A, and B ;
satisfy

(DeAe +DyA,) 1 =H™ > " (RTB,;R;A; — RTBi;R;) 1, (28)
j=1

on all elements, where A; = ng¢jAe + ny;A,, and By ; is analogous to By for face j. The
left-hand side of (28) is a direct SBP discretization of the divergence-free condition, while
the right-hand side is a SAT-like penalty. Our approach to satisfying (28) is described in
Appendix A.

If (28) is satisfied, it follows from the properties of SBP operators that

17 (AeQ¢ + 4,Q)v = > (15BasR;) v, VweR™ (29)
j=1

Using identity (29) in (27) — and neglecting SATs on the non-shared faces as usual — we
find that the conservation condition is satisfied.

Remark 7 Divergence-free equations also arise in the so-called metric invariants that are
needed for “free-stream” preservation; see, for example, [27]. These metric invariants can
also be satisfied using the approach described in Appendix A, by setting [A., /\y]T =[1,0]T
and [0,1]", in turn.
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p=1

Fig. 2 Nodes of the SBP-I" family of operators that include p + 1 nodes on each face. The open circles
denote the SBP operator nodes, while the black squares denote the face cubature points used for the SATs.

6 Example operators on the triangle

In this section, we describe the construction of multi-dimensional SBP operators on triangu-
lar elements in conjunction with the matrices R and B that define the SATs. We present two
families of SBP operators for the triangle. The first family was presented previously in [13].
This family consists of operators with p 4+ 1 nodes on each face and will be referred to as
the SBP-I" family. Figure 2 shows the p = 1 through p = 4 operators from this family. The
second family of triangular-element SBP operators has strictly interior nodes. This family
will be referred to as the SBP-f2 family, and the first four operators in this family? are
shown in Figure 3.

The algorithmic steps involved in constructing the operators are listed below. The process
is similar to that outlined in [13] for SBP-I", with a few minor changes that are highlighted.

1. For a given design accuracy p, a symmetric cubature rule is selected or constructed that
is exact for polynomials of total degree 2p — 1 and has at least N nodes. The nodes for
the SBP-{?2 family are required to be strictly interior, and the SBP-I" family is required to
have p+ 1 nodes on each face, including the vertices. For all SBP-{2 operators considered
here (p =1,...,4), there are exactly N, cubature nodes, whereas the SBP-I" operators
generally have more nodes for the same value of p.

2. A Legendre-Gauss quadrature rule with p 4+ 1 nodes is used to define B,, on all faces, i.e.
the same quadrature rule is used for all three sides, although this is not strictly necessary.

3. Let I denote one of the faces of the triangle. Then the volume-to-face interpola-
tion/extrapolation operator for this face is defined by R = Vﬁj (VQ)T, where Vﬁj de-

notes an orthogonal polynomial basis evaluated at the quadrature nodes of ﬁj, and the
superscript 1 denotes the Moore-Penrose pseudoinverse. The definition of V¢, depends
on whether we are constructing the SBP-I" or SBP-{2 family. For the latter, V, is an
orthogonal polynomial basis evaluated at all of the nodes in the volume. In contrast, for
the SBP-I" family, V4 is the basis evaluated at the p 4 1 volume nodes that lie on face
I

Although we have considered only the face fj, symmetry allows the same R matrix to
be used on all three faces simply by permuting indices of the volume nodes.

4. The boundary operator E¢ is constructed from the face cubature B and interpolation
operator R using (1). An analogous equation is used for E,.

5. The skew-symmetric operators S¢ and S,, are determined using the accuracy conditions,
Property I of Definition 1. For the SBP-{2 operators considered here, the S¢ and S,, oper-
ators are fully determined by the accuracy conditions; in contrast, the SBP-I" operators
are underdetermined by the accuracy conditions, so the minimum-norm solution is used
for those operators.

Table 1 summarizes the accuracy and node-set properties of both the SBP-{2 and SBP-I"
families. Beyond the fact that SBP-I" includes boundary nodes and SBP-{2 excludes bound-

2 We do not consider the p = 0 operator in this work
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p=1
Fig. 3 Nodes of the SBP-{2 family of operators whose nodes are strictly interior to (2. The open circles

denote the SBP operator nodes, while the black squares denote the face cubature points used for the SATs.

Table 1 Summary of cubature accuracy, node counts, and operator dimensions for the two different families
of SBP operators on the triangle.

family degree (p) # nodes (n) H degree R matrix size

SBP-I" 1 3 1 2x2
SBP-(2 1 3 2 2x3
SBP-I" 2 7 3 3x3
SBP-(2 2 6 4 3 X 6
SBP-I" 3 12 5 4x4
SBP-(2 3 10 5 4 x 10
SBP-I" 4 18 7 5x5
SBP-2 4 15 7 5% 15

ary nodes, a few other differences between the families are worth highlighting. First, the
SBP-I" family generally requires more nodes than the SBP-{2 family for the same design
accuracy p; this translates into D¢ and D, operators that require more storage and com-
putation, at least for hyperbolic problems. Second, the cubature accuracy is higher for the
SBP-{2 family; the p = 1 and p = 2 operators have cubatures that are exact to degree 2p,
rather than 2p — 1, and the p = 3 and p = 4 operators have smaller error constants. Finally,
the volume-to-face interpolation operators used by the SBP-I" operators have fewer entries,
giving them a computational advantage when it comes to evaluating the SATs.

7 Numerical verifications

In this section, we use numerical experiments to demonstrate the accuracy, conservation, and
stability properties of multi-dimensional SBP-SAT discretizations. These experiments are
intended to verify the theory developed in Sections 4 and 5. Before presenting the individual
verifications, we first describe their common features.

Each experiment is based on the linear advection PDE with a divergence-free velocity
field, Equation (17). In all cases the domain is the unit square, £2 = [0, 1], and the boundary
conditions are periodic: U(0,y,t) =U(1,y,t) and U(x,0,t) = U(x,1,1).

For each SBP element, we introduce a curvilinear coordinate transformation
(z(&,m),y(&,7m)). Under this transformation, it is straightforward to show that (17) is equiv-
alent to

1
—— + Ve (Aeld) + 5)\5 -Ve(U) =0, where Ve e =0. (30)

Thus, the transformed velocity field is divergence-free in the space (£, 7).

We consider a monolithic coordinate transformation that is applied over the entire (z,y)
domain, because this simplifies mesh refinement studies by permitting uniform grid refine-
ment in (£,7n) space. Let N denote the number of element edges along the £ and 75 coor-
dinates. The vertices of the elements are located at (&;,n;) = (ih, jh), Vi,j =0,1,..., N,
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Table 2 Maximally stable Courant numbers and minimum node spacing for discretizations of constant-
coefficient advection based on the SBP-I" and SBP-{2 operators.

p=1 p=2 p=3 p=4
SBP-I"  CFlmax 0.7500 1.3398 1.2045 1.1597

Ar 1.0000 0.2357 0.1487  0.0949
SBP-{2  CFLmax 0.5217 0.4130 0.3083 0.3428
Ar 0.5000 0.3378 0.2402 0.1636

where h = 1/N. For each of the N? quadrilaterals, two right triangles are generated from
the vertices

{(&m5), Eiv1smy)s (Gismjen)y and {(&prs 1), (G mr1)s (Sarsmy) 3

The nodes associated with these right triangles are then mapped to physical space using an
analytical coordinate transformation.

The SBP-SAT spatial discretization of the PDE (30) is given by (18) with the SAT
matrices defined by the upwind scheme in Section 5.2. As explained in Section 5.3, the
discretization (18) must satisfy (27) to achieve discrete conservation. To this end, we project
the analytical advection field onto a discrete field that satisfies (28), the discrete divergence-
free equation. The details of this projection can be found in Appendix A.

The SBP-SAT semi-discretizations are advanced in time using the classical 4th-order
Runge-Kutta scheme with a sufficiently small time step to ensure that the error is dominated
by the spatial discretization. In particular, the time step is one half the maximally stable
value permitted by the Courant number for a given SBP element, where the Courant number
is defined as
_ At Al
~ hAr

for a time step of At and a nominal node spacing of hAr. Here, Ar is the minimum distance
between cubature nodes on a right triangle with vertices at (0,0), (1,0) and (0,1). Table 2
lists Ar and the maximally stable Courant numbers for the SBP-I" and SBP-{2 elements
when applied to constant-coefficient advection with A, = A,.

CFL

7.1 Constant-coefficient advection with a curvilinear coordinate mapping

As our first verification of the SBP-SAT discretizations, we conduct a mesh refinement
study and discretize the constant-coefficient advection equation with A = [1,1]". While this
PDE does not have a spatially varying velocity field, we employ a curvilinear coordinate
transformation given by

)

S B s

where (£,m) € [0,1]?. Consequently, the transformed PDE, (30), does have a spatially-
varying velocity field even though the physical-space PDE does not. The sequence of grids for
the mesh refinement study is generated as described earlier using N € {12, 24, 36, 48, 60, 72}.
The initial condition for the accuracy study is a bell-shaped function centered at (%, %) with
compact support:

- (g -1y ip< )

1, otherwise,

U(.’E, y70) = {

where p(z,y) = \/(x — )2+ (y — 1)2. The solution is advanced one time unit, which returns

the bell-shaped initial condition to its initial position.
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Normalized L? Error
Normalized L? Error

(a) SBP-I" family (b) SBP-{2 family

Fig. 4 Normalized error, measured in the SBP-norm, between the discrete and exact solutions to (30) for
different mesh spacing and SBP operators.

7.1.1 Accuracy

To assess the accuracy of the discrete solutions, we evaluate the SBP-based L? norm of the
difference between the numerical solution and the exact solution. We then normalize by the
norm of the exact solution; that is,

\/(’u, —ue) " Hy(u — u,)

T )
VuzHgu,

where wu is the discrete solution at the final time, and w, is the exact solution evaluated at
the mesh nodes at time ¢ = 1. The matrix H, is the global SBP-norm assembled from the
local element SBP-norm matrices scaled by the appropriate mapping Jacobian determinant
on each element, i.e. it is the diagonal mass matrix.

The accuracy results of the mesh refinement study are shown in Figure 4 for discretiza-
tions based on the SBP-I" and SBP-{?2 families of operators. The expected asymptotic con-
vergence rate for the errors is O(hP™!), and most of the schemes exhibit this convergence
rate. The SBP-I" p = 1 discretization is the only scheme that has a suboptimal convergence
rate for the range of meshes considered — it could be the case that the sequence of meshes
was not sufficiently fine so as to be in the asymptotic region. The SBP-I" p = 2 scheme and
the SBP-£2 p = 1 and p = 2 schemes exhibit O(hPT2) rates.

For the same h and p, the two SBP families produce notably different absolute errors.
The difference is especially significant for the p = 1 and p = 2 schemes. On the finest grid,
the error in the SBP-{2 p = 1 solution is 16.6 times smaller than the corresponding error in
the SBP-I" p = 1 solution. The solution errors of the p = 2 schemes differ by a factor of 5
on the finest grid. We believe this difference is related to the increased accuracy of the SBP
cubature rules associated with the SBP-{2 schemes.

Normalized L? Error =

7.1.2 Conservation

The integral of the analytical solution of (30) is constant in time, because the PDE is con-
servative and the boundary conditions are periodic. Based on the analysis in Section 4, the
SBP-SAT discretization should mimic this property, and the schemes should be conservative
to machine precision.
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Fig. 5 Conservation and energy errors for different mesh spacing and SBP operators.

Discrete conservation is assessed using the following metric:
. . 4T T
Conservation Metric = |17 Hyuo — 1" Hyu,

where ug is the initial condition evaluated at the nodes and, as before, u is the discrete
solution at t = 1. Figure 5 plots this metric for the SBP-I" and SBP-{? discretizations on
each of the grids in the mesh refinement study. These results provide strong evidence that
the SBP-SAT discretizations are conservative. Note that the SBP-{2 p = 2 scheme produces
a double-precision zero for the conservation metric on the coarsest grid, which cannot be
represented on the logarithmic scale.

7.1.8 Stability

The L? norm of the analytical solution to (30) is also constant in time; however, in contrast
with conservation, the energy of the SBP-SAT discrete solution is only guaranteed to be
non-increasing when upwind SATs are used, in general. To assess the various schemes’ ability
to conserve energy, we evaluate the energy error for each mesh and operator:

Energy Error = 'u,oTngo — uTng.

The energy errors are included in Figure 5 above the conservation metrics. Since the
energy error is the signed difference between the initial and final values, it offers some
evidence that the energy is non-increasing; stronger evidence is provided below in Section 7.2

Remark 8 The rate of convergence of the energy error is approximately 2p for the SBP-I"
schemes and 2p + 1 for the SBP-{2 schemes. This is an example of functional superconver-
gence, which has also been observed and explained for tensor-product SBP schemes [28].

7.2 Robustness of SBP-SAT discretizations: advection in a confined domain

For the second numerical experiment, we consider a challenging test of the numerical stability
of the SBP-SAT discretizations. The test case is challenging, because the advection field,

7 sin(mwz) cos(my),

A= — meos(mx) sin(my) |’
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Fig. 6 Initial condition, left, and exact solution at ¢ = 1 for robustness test.

is parallel to the boundary of the domain and produces no boundary flux; thus, the solution,
and its energy, are confined to the domain. In addition, the nonpolynomial velocity and
solution produce aliasing errors that the numerical scheme must handle “gracefully.”

The initial condition is given by U(z,y,0) = exp(zy), and the solution is advanced for
10 nondimensional time units on a uniform grid with N = 12 edges in each direction, i.e.
there are 2N? = 288 elements in total. As before, the time step is set such that the Courant
number is one half the value of CFL,,., listed in Table 2; however, we emphasize that we
are only interested in assessing the stability of the methods with this experiment, and the
discrete solutions after 10 time units are not accurate for the coarse grids considered. To
give some indication of the solution behavior and the time duration, Figure 6 shows the
initial solution and the exact solution after only one unit of time.

To demonstrate that the SBP-SAT discretizations are energy stable, Figure 7 shows the
change in normalized energy as the discrete solutions evolve from ¢ = 0 to t = 10. The
normalized change in energy is given by

u(t)"Hyu(t) — ulHyuo  u®)l,

ug Hyuo ol

-1

where u(t) denotes the discrete solution at time ¢. As with the conservation metric, we
consider a uniform triangulation with NV = 12 edges in each direction and 288 elements
total.

Figures 7(a) and 7(b) show the change in energy for the SBP-I" and SBP-{2 families
applied to the skew-symmetric discretization (18) with upwind SATs. The plots show that
the SBP-SAT discretizations have nonincreasing energies, as expected from the analysis in
Sections 4 and 5.2. In contrast, Figure 7(c) shows the change in energy for the SBP-I" family
applied to the “divergence” form of the discretization, namely

dJu

As the plots show, only the skew-symmetric discretizations have bounded energies®

3 For this problem the discretization of the divergence form leads to increasing energy, but this is not
always the case. Indeed, when solving the constant-coefficient, curvilinear-coordinate problem we did not
encounter increasing energy.
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(¢) SBP-I" with divergence formulation

Fig. 7 Normalized change in energy versus time. Every 100th time-step is marked with a symbol.

8 Conclusions

Multi-dimensional SBP operators offer time-stable, high-order, and conservative discretiza-
tions on complex domains, but only if boundary conditions and inter-element coupling can
be imposed in a suitable manner. To this end, we have proposed a general framework for the
development of SATs that lead to accurate, stable, and conservative schemes. We focused
on developing a set of SATs that are simple to construct and that allow for the pointwise
imposition of boundary conditions and inter-element coupling. This was accomplished by
using interpolation/extrapolation operators and face-based cubatures to construct the cou-
pling terms in the SATs. A key insight of this paper is that the E matrices and the coupling
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terms in the SATs can be decomposed in the same way; this insight significantly simplifies
the development of this class of SATSs.

Using these SATs, we showed how to derive conservative and time-stable discretizations
for multi-dimensional SBP operators in the context of the linear advection equation with a
spatially varying velocity field. In this context, conservation requires a particular relationship
between the interpolated /extrapolated fluxes and the SATs. For a divergence-free problem,
we satisfied this conservation condition by projecting the analytical advection field onto a
field that satisfies a discrete form of the divergence-free equation. For nonlinear hyperbolic
systems of PDEs, numerical flux functions can be used to satisfy the conservation condition.

The SAT methodology was illustrated using SBP operators on triangular elements. Two
SBP families were considered: the SBP-I" family with p + 1 nodes on each face and the
SBP-{2 family with strictly interior nodes.

The accuracy, conservation, and stability properties of the SBP-SAT discretizations were
verified using the linear advection equation with divergence-free velocity fields. Both the
SBP-{2 and SBP-I" schemes were shown to be conservative to machine precision, and both
produced non-increasing energy. For the same operator degree p, the SBP-{2 scheme was
found to be more accurate. Finally, we numerically demonstrated that the SBP-SAT dis-
cretizations presented result in superconvergent functional estimates.

A Satisfaction of the discrete divergence-free equation

In general, the analytical velocity, which we will denote here as 5\5, does not satisfy the
discretized divergence-free condition, (28). Therefore, we seek a discrete vector field that
satisfies the discrete divergence-free condition and is as close as possible, in some norm, to
the analytical field. This appendix describes how find such a discrete vector field.

First we solve for the face-normal velocities, (An); = (Aene + Ayny),, that appear in
the elements of the By matrices. A constraint on the (A,); for each element is obtained by
substituting v = 1 into the identity (29):

K K

> (1FBasRy) 1= Zibﬁ” (), =17 (4eQ¢ + 4,Q,)1 =0,

j=1 j=11i=1

where the last equality follows from Q¢1 = Q,1 = 0. This constraint is simply a discretiza-
tion of |’ PAT dI" = 0 on each element. There are fewer elements than face-normal velocities,
so we solve a quadratic optimization problem that minimizes the Cartesian norm between
the discrete and analytical values at the face nodes, (/\7(3 ))i and (;\53 ))i, respectively, subject
to the above constraint.

Once the By matrices are determined, we solve for the diagonal matrices A¢ and A,,. We
follow a procedure analogous to the one used for By; in this case we minimize the Cartesian
norm between the discrete and analytical values at the SBP nodes and (28) becomes the
constraint. The optimization problems on each element are decoupled.

For the cases considered here, we verified that the L? error in the discrete velocity field
is at least an order of magnitude smaller than the L? error in the scalar field /. Moreover,
the error in the velocity field decreases with h, the average mesh spacing, at a faster rate
than the error in u, and the error in the velocity field has an insignificant impact on the
solution error.
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