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Simultaneous Approximation Terms for Multi-Dimensional
Summation-by-Parts Operators*
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Abstract This paper is concerned with the accurate, conservative, and stable imposi-
tion 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 unstruc-
tured grids composed of arbitrary elements. We show how penalty terms — simultane-
ous 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 colloca-
tion, 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 particu-
lar 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
construction of high-order schemes that are conservative and provably stable (linearly
and nonlinearly) [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 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.

* Some of the material presented in this article has also appeared in: Hicken J. E., Del Rey Ferndndez
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Operators, AIAA Aviation Conference (2016).
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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 ex-
tended 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 excep-
tion 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
adaptation. 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 boundaries. 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 ap-
proximation 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 con-
servative schemes without impacting the asymptotic order of the discretization.

In [13] we derived SATs for multidimensional diagonal-norm SBP operators and
showed that the resulting discretizations are stable for the linear constant-coefficient
advection equation. 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 whenever 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 SATs, 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;

2. develop SATSs that lead to provably stable and conservative schemes for variable
coefficient partial differential equations (PDEs) in split form.

The remainder of the paper is organized as follows. After introducing some nota-
tion, Section 2 reviews the definition of multi-dimensional SBP operators from [13].
Section 3 demonstrates the decomposition of the symmetric component of the SBP-
derivative operator by considering a set of auxiliary nodes on the boundary using in-
terpolation/extrapolation operators and face cubature rules. In Sections 4 and 5 the
general framework for construction of stable and conservative SATs is presented and

1 The norm matrix can be viewed as a mass matrix.
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two examples of SATs are discussed. In order to illustrate SATs on a concrete example,
Section 6 presents two families of SBP operators for the triangle and describes how SAT's
are constructed for these operators. A numerical 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) bijec-
tive mappings from physical to computational space. Domains and their boundaries in
physical space are denoted with {2 and I, respectively. The corresponding sets in com-
putational space are given by Qand I Physical-space coordinates are represented with
(x,y) € £2, and the computational-space coordinates are given by (£,n) € 2. While we
concentrate on elements that are polygons in computational space, the ideas presented
in this paper can be directly extended to three dimensions. Several definitions and the-
orems 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) € LQ(Q X
[0,7]) denotes a square-integrable function on the space-time domain 2 x [0, T]. Func-
tions and operators are discretized on a set of n nodes, Sp = {(&.m:)}y 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 & we would write

u = [U(fl,’ﬂl), s ,U(fmnn)}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{01,....,p}, i€{0,1,...,5}

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

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

Pr = [Pk(gl’nl)v s 7Pk(€na77n)}T’

, [ 0Py, 0Py

T
and P = %(617771)778&.(57157771)} .

We will need the degree p (rectangular) Vandermonde matrix

V= |:p17p27"'7pN;j| y

as well as the associated matrix containing the projection of the £ derivatives of the
monomials onto a set of nodes, which we denote by

Ve = [phph ol

In this paper, we use Matlab notation; for example, M(i:j,1:m) denotes the subma-
trix constructed from the 7 through j rows and [ through m columns of the matrix M.
Similarly, we use the notation M(:,7) and M(j,:) to denote the i*" column and j** row
of the matrix M, respectively.

We can now state the following definition of a multi-dimensional SBP operator that
was proposed in [13]:
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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 a% on the nodes Sy = {(&.mi)} iy if

L. Depr = P, Vke{l,2,....N;}
II. D¢ = H'Qg, where H is symmetric positive-definite; and
III. Q¢ =S¢ + %EE, where Sg = —S¢, Eg = E¢, and E; satisfies

pEEgme%'PkPmngdﬁ, Vkmée {1,2,...,N:},
r

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

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

P Hp,, = / PePod ),
0

where, at a minimum, H is of degree 2p — 1, i.e. the above equality holds provided PxP,,
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||a£uTHuz/u2dQ.
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. For-
tunately, 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,
2, and its boundary, I.

Assumption 1 The reference element 2 is a polygon, and its boundary I is piece-
wise linear with ' = Ujvzrl f'j and m;\;rl fj = (). Furthermore, for each f’j there exists
a strong cubature rule, with nodes Sy = {(§§j),n£j))}?':71 and weights {bgj)}?';l, that
exactly integrates polynomial integrands of degree q > 2r, where r is the integer used

in property III of Definition 1. Moreover, we assume that the volume nodes result in a
degree r Vandermonde matriz, V, that has linearly independent columns.

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. The
actual elements in physical space can have curved sides.

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

n;j ‘ ' '
[ e = 300 (00),
T =1
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for all polynomials Py, of total degree g or less, where ¢ > 2r , and ng, is the { component
of the outward pointing unit normal on I . A similar expression holds for fluxes in the 7
direction. Note that n¢; is constant over f’j, due to linearity, so it can be pulled outside
the integral.

Our approach to imposing boundary and interface conditions pointwise is to in-
terpolate/extrapolate the solution from the element nodes onto the cubature nodes
Sp, = {(gl?j ),nfj )}?il using operators R;. To decompose E¢ and E, , these interpola-
tion/extrapolation operators must be sufficiently accurate. Specifically,

(R;pr), = Ps (gfj),nfj)) , i=1,2,...,n;, Vke{l,2,... N, (1)

where 7 > p. The restriction on the volume nodes in Assumption 1 ensures that we can
construct the R;, which we show shortly.

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
Assumption 1.

Theorem 1 Let Assumption 1 hold and let S, = {(&,m:)}i, be a given nodal distri-

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

Np
Ee = anjR;fBjRj,
j=1 (2)

i -1
Ri=Vp, (V) =Vr(VgVe) Vg,

where B; = diag (bgj), béj), ey b,(fj)> 18 a diagonal matriz holding the cubature weights for
fj. The matriz Vg, is the degree v Vandermonde matriz on the volume nodes, V. is the
degree p Vandermonde matrix on the nodes of fj, and (A)T denotes the Moore-Penrose

pseudo inverse. Furthermore, R; € R"*"™ is a degree r > p interpolation/extrapolation
operator from the nodes Sg, to the nodes of the reference boundary domain, Sﬁj.

Proof The terms R;.F B,R; are symmetric by construction. Moreover, as constructed, the
R; satisfy the accuracy conditions (1); this can be seen by examining the conditions in
matrix form, i.e.,
_ T “lyTy .
RiVa =V (VaVa) VoV =Vi

Furthermore, this construction of the R; is guaranteed to exist because the columns
of Vg are linearly independent, by assumption. 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},

Np

PiEePm = ) nejpi R B;R;pm
j=1
n;

Np
_ anj ZbE])Pk (51(3)7771(3)) P, (ﬁ)ﬁg;))
j=1

=1
Np
=> / P Pmne; Al
j=1"13

where we have used the fact that the unit normal is constant on each I’ (see Assump-
tion 1) and the fact that the product PP, has total degree less than or equal to 2r < q.
The result follows by the additive property of integrals. O

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.
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Theorem 2 Let the diagonal elements of H and the nodes Sy = {(&,m:)}i—, define a
degree 2p — 1 strong cubature rule on the domain 0. If the Vandermonde matriz, V,
associated with the nodes Sg has full column rank, and E¢ € R™™ is symmetric and
satisfies Property I1I of Definition 1, then there exists at least one degree p SBP operator,
De = H™'(S¢ + 1E¢), based on the given nodes Sy and matrices H and Ee.

Proof We must show that, for the given H and E¢, we can find a skew symmetric S¢
that satisfies 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, 3)

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 (3) and the multi-dimensional SBP definition, we can
solve for S¢ as

o, 1
S¢=HVeV ! — JEc. (4)

What remains to be shown is that S¢ can be constructed to be skew symmetric using
W¢. Rather than doing so directly, we show that an associated matrix is skew symmetric;
left and right multiplying (4) by VT and V, respectively, results in

= ~ ~ VTHV, — IVTE,V VTHW, — IVTE.W

— T _ 3 3 3 3
S¢ =V 5V WTHV, — %WTEgv WTHW, — IWTEW| " (5)
If we can show that gg is skew symmetric, this will imply skew symmetry for Se.

We first show that the block Se(1 : N, 1: Ny) is skew symmetric;

Se(L:NX,1: N +Se(1: Ny, 1: NO)T = VIHV, + VEHV — VTEV =0,

where we have used the compatibility conditions VTHV, + VgTHV = VTE:V [4,5,9,13].
Next, notice that the entries in the lower-left block S¢(N +1:n,1: N;) are fully
specified by V, W, and V¢. To make the rest of gg 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- _yT 1yT
Sg(r,N;ﬂ):vTng—QvTngz{ VEHW + 3V EgW]

0

Rearranging we have
- 1 - _\T 1T
VTHW, = §VTE5W+ [ Ve HWJE 2V ng} ;

which we can solve for W, because VTH is invertible. This particular W¢ ensures that
S¢ 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 (2).

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’ 73 more importantly,
it expresses 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 vari-
ous forms, one of our goals is to develop SATSs 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 robust-
ness [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 ad-
vection 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 de-
termine 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 spatially varying velocity field, A = [A4, )\y]T:
ou _
ot
1 1
:77V~(AL{)75A~VUf§Z/{V~)\,

— V(AU

N =

for all (z,y) € £2 and ¢ > 0. The initial and boundary conditions are

U(z,y,0) = F(z,y), v (z,y) € 12,
Uz, y,t) =G(x,y,t), V(x,y)el , t>0,

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

and the outflow boundary, I't = 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 (6) and (7) is
stable; those interested in further details are referred to the texts [25,26]. Multiplying
the divergence form of (6) by U and integrating in space results in

o . Ml ONU
/Quﬁtdrz/()(u B U )drz. (8)

Equation (8) 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

) / AU ONUZ 0N 0N,
Tl A G ey ek i g L (9)

Using integration by parts on the first two terms of the right-hand side of (9) leads to

dllu|* 2 2 [(OAs | 0Ny
“ _—ﬁu (nwx\z+ny/\y)df—/nu S+ ) a2, (10)

Assuming that the divergence of A is bounded, that is

N ma Oy n Oy <%
= X —
(z,y)eN Ox 8y - ’
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0Xx  O)\y
2 < 2
/Qu < Ox Oy ) di2 < afu]l”

The following inequality results from breaking up the surface integral in (10) into
integrals over I't and I'~, inserting the boundary condition, and making use of the
above bound:

dlfer|f?
dt

we have that

< —f U gy +ny)\y|df+]{ G2 |nade + ny\ Al + allU|)?
r+ - (11)

< G?|nede +nyy [T + af U
[

We integrate (11) 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*naAs + nyA,|dT.
i

Thus, we see that the problem defined by (6) and (7) is stable in the sense of Hadamard,
that is, the solution depends continuously on the data [25].

Remark 8 In the numerical experiments presented later, we consider the special case of
(6) where the velocity is divergence free, V - A = 0, and the boundary conditions are
periodic. Under these assumptions, starting from (9), the energy method results in

dljer|f?
dt

which shows that the energy is constant.

:0,

In addition to stability, we are interested in constructing schemes that are conserva-
tive. To understand the discrete conditions that will be imposed, it is useful to delineate
the conditions on the continuous problem. The PDE (6) has an integral form represen-
tation given as

d Z/{d.Q —|—% Un - Adl" =0, (12)
dt 7

where (12) holds for all arbitrary subdomains 2 C £2 with piecewise smooth, orientable
boundaries I'. Typically, the strong form (6) is discretized using SBP-SAT schemes;
nevertheless, we would like our schemes to mimic (12) 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 (6), and then deter-
mine 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 enforce-
ment of boundary conditions is similar.

The domain {2 is partitioned into F nonoverlapping elements: (2 = Ule .. On
each element (2., the PDE (6) is mapped from physical coordinates to computational, or
reference, coordinates. For a time-invariant transformation, this results in the following
skew-symmetric form:

OTU 1ONU  1OANU Agau+xnau+<axg+ax>:0’ (13)

o "20c T2y T2ac 2oy o¢
where
dy ox Oy ox _%@ Oz dy
Ae = 877)\ an)\y, Ay = 85/\ + 55)\ g J DDy OnOE”
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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 uy, and ug are stored, and the black
squares denote cubature nodes for the face; the latter are introduced in Section 3.

To present and analyze the SATSs, we consider the interface between two generic
elements, labeled “left” and “right,” having solutions u;, and w g, respectively; see Figure
1. Suppose the left and right elements have (N F) ;, and (N F)  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)

(Np), -1 (Np) -1
Eer = Z Eer,j + ngLREBLRL and E¢p = Z Ecr,y + TLgRRﬁBRRR,
Jj=1 j=1

where the terms ngp REB rRr and n¢ RRIT?B rRR correspond to the shared face. Similar
expressions hold for E,;, and E,g. In the following, we will focus on the shared face and
will drop contributions from the remaining (N ﬁ) ; — 1 faces on the left and (N ﬁ) r—1
faces on the right, unless otherwise noted.

The SBP-SAT semi-discretization of (13) is given by

d 1 1 1 1
— (JL’ILL) + inL/\gLuL + §DnL/\,,LuL + §A§LD5LUL + iATILDTILuL

dt
U 1 -
+ 7L (DgL/\fL]-L + DnL/\nLlL) = iHLl (M;\fL’U,L — MzgR’u,R), (14)

SAT/,
on the left element and
d 1 1 1 1
e (Jrur) + §D§R/\£RUR + §DnR/\nRuR + §A§RD£RUR + §/\nRDnRuR
u 1.,_ A A
+ TR (DfR/\ER]-R + DnRAnR]-R) = iHRl (MRgRuR — MRELuR), (15)

SATR

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

/\EL = dlag ()\5(517771)7 .. '7Af(§"L?7]'n«L)) )
UL = diag (ULJ,. .. ,uLmL),

JL - dlag (j(flan1)7 .. 'aj(é-nL’nnL)) ’

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

The matrices M)5, € Rm2Xne MY, € RXna MY € R"AX1% and My, € Rnrxne
depend on the spatially varying field A¢ = [Ae, /\U]T7 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.
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4.2.1 Stability

We begin by determining the condition imposed by stability on the SAT matrices. The
energy method applied to (14) and (15) consists of multiplying the equations by ufHy,

and u};bH R, respectively, and adding the resulting expressions. After cancellation, and

T
THd&J;J, _ ldu HJu7 we find

using the fact that u T

a (UEHLJLUL + U%HRJRUR) =
—ugUrHy (DerAer 1y + DyrAyplr) — ukUgHR (DerAcrlr + DyrNyr1R)
— ’U,EREBLRL/\L’U,L + ’UJEMsz’U,L — uEMfRuR

—u%R%BRRRARuR+U§M25RUR —’UJ};M;\;LUL, (16)

where
/\L :ngL/\gL+nnL/\nL and AR:ngRA£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
remaining 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 (16), 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 (DerAerlr + DyrAyrls) < ’YLH’UJLHEL,

—uRUrHR (DerAerlp + DyryrlR) < 'YRHURH?_]R
where

YL = max [le (DﬁL/\ﬁLlL + DnL/\'quL)]

i€[1,nL] v
R A [Ja' (DerAerlr + Dyrhyrlr)],,
2 MR

and we have defined new norms |:|L =HpJg, |:|R = HgJg. Using these bounds in (16),
and grouping the terms involving the SAT matrices, we obtain

d
= (leclg, + lerld, ) < € (lel, +luald,)

T AR Ag
g [FHORA M ] [i] o

MY RIBrRrAR — M}, | Lur

for C' = max(yr, vr)-

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

Condition 1 (Stability) The matrices M5, M5, My5., and M), must be such that

RTBLRLAL — M)S M,
MY REBRRRAR — MY,

is positive semi-definite for all Af, and Ng.
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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 M?’EL, MEER, M)I‘fR, and M);L must be such that

HZ! (MYvn — M)Son) = O(P),
HE! (MRvR — My or) = O(7),

where h is an appropriate measure for the linear dimension of the shared face, and vy,
and vy are the projection, onto the nodes of the left and Tight domains in physical space,
of some continuous function V(x,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.

4.2.3 Conservation

In order to determine the constraints on the SAT matrices such that the scheme is
conservative, we multiply (14) by 1TH, and (15) by 15Hg and sum the expressions;
this operation is the discrete analogue of integrating the PDE over the volume consisting
of both elements, i.e., 2 in (12). Simplifying the result we obtain

d
E (1EHLJLUL + 1%HRJRUR) =

1
= [—1{RLBLRL/\LU,L —1TALRTBLR, +1TM)E — 1£M?;L} ur,

1

+ 5 |- LEREBRRrARuR — 1EARREBAR R + LM, — LEMS, | .
For conservation, we want the right-hand side to vanish for arbitrary wy, 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 l\/lzsL, MigR, M;ﬁR, and I\/Ij‘éL must be such

that
1F (M35, ~ REBLRAL) — 1AM | s
- [1% (—Mj\fR + RTRBRRR/\R> + IEMfR} UuR
= (RpAL1n) " BLRous + (RrAr1R) " BRRrug

fO?” all urp, UR, /\L, AR-

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.

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 (6), 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 (6) simplifies to
ou 1

1
= 5V () AU, (18)
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and the SBP-SAT semi-discretization of (18) on the left element becomes

d 1 1 1 1
En (JL’LLL) + §D$LA§L'U/L + §DnL/\nLuL + §A£LD€L’U,L + 5/\77LD77L’U,L
1, A A
= SHZ! (M25us = MpSur) . (19)

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) Forthe SBP-SAT semi-discretization

of (18), the matrices MiEL, MzgR, I\/I;\fR, and M;\%EL must be such that

17 (M35~ REBLRLAL) = 1AM s
— [1% (M3 + REBARRAR) + 1EM5, | ur =
17 (NerQer + Ay Qur) ur + 15 (AerQer + Ay Qyr) ur
fO’I" all ur, UR, /\§L; /\WL’ /\gR, and /\UR'

Note that the right-hand side of the divergence-free conservation condition involves
Q¢ 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 SATSs
satisfy Conditions 1-3 for stability, conservation, and accuracy.

The proposed symmetric and upwind SATs require the following assumption that
constrains 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,75) and Yy (gL,ia 77L,i) =Y (gR,ia 771?,75) ) Vi= 1; 2, e,

where (€r,i,ML.:) 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 coor-
dinate transformations along the shared face, are equal and opposite at the cubature
nodes:

bri [T (neVE+n,Vn)l, ; = —bri [T (neVE+n,Vn)lg Vi=12,...,v, (20)

where by, ; and br; denote the ith face-cubature weights on the left and right elements,
respectively.

Remark 4 In principle, the cubature rules for the shared face could use a different num-
ber of nodes on the left and right elements, but this case is beyond the scope of the
current work.

Remark 5 Equation (20) is satisfied by isoparametric and subparametric coordinate
transformations that use the same (possibly scaled) cubature rule on each face.
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Let A, = A¢ng + Ayny, be the advection velocity normal to the shared face. Then,
assuming that A\, and A, are continuous, one can use (20) and the definitions of A¢ and
A, to show that

bL,i ()‘n)L,i = _bR7i (/\TL)R,Z'7 Vi= 1,2,...,V. (21)

In other words, the cubature-scaled advection velocity normal to the face is equal in
magnitude and opposite in direction at the coincident nodes along the face. We use (21)
to define the diagonal v X v matrix

Brx=BrAp, =BrAp g (22)
where
Ap = diag ()‘n)L,l R ()‘n)L,y ) Ap g = —diag ()‘H)R,l R (AH)R,V:| :
B, will play a central role in defining the symmetric and upwind SAT's below.

Remark 6 Using (21) to define B) simplifies the proof of accuracy for the symmetric
and upwind SATSs, but it is important to emphasize that neither (21) nor (20) are
necessary for stability, accuracy, or conservation. Conditions 1-3 will still hold as long
as B agrees with (21) on the order of the discretization and satisfies (25) below. This
is important, because nonlinear problems will not satisfy (21) due to jumps in A, and
Ay across elements.

5.1 Symmetric SATs

Symmetric SATs are constructed by defining

M} =RFBLRLAL,  M}% = REB\Rg, 23)
MY, = REBrRrAR, M}, = —REB\Ry.
Based on these matrices, symmetric SATs for (14) and (15) are given by
2HLSAT oym = RIBLRLALur — RIBA\RRrug, (24)

2HRSAT R sym = REBrRrARUR + REBARLuL,

Theorem 3 The symmetric SATs (24) satisfy the stability and accuracy Conditions 1
and 2. In addition, they satisfy the conservation Condition 38 provided

]_rIr;BA (RLUL — RRUR) = (RL/\L]_L)T BLRL’U,L + (RR/\R]_R)T BRRR’U,R (25)
for allur, ur, Ar, Ar, where 14 is a vector of ones of length v.

Proof Tt is easy to see that the symmetric SAT matrices (23) lead to a skew-symmetric
matrix in Condition 1, which implies that the SATs (24) are stable.

To prove that the symmetric SATSs 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 Arur = pg,r be the face-normal polynomial flux evaluated at the SBP nodes
of the left element (in reference space) — where we consider all Ay, and uy, that satisfy
this 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

Ap 1 (RRUR) =Py p, -

Note that such states up exist provided A - P 1 Rp is full rank. The vector Py py defines
the “boundary” flux for which we must show the left SAT vanishes. We have

RLBLRL/\LUL — RLB)\RR’UR = RLBLRL/\L’LLL — RLBL/\f"LRRuR

—RTB;, (Rka,L fpm) —0, Vke{l2.. N},
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where we have used By = BLAz ; 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

17Bx (Rpur — Rpug) = (RpAL1L) ' BLRour + (RrARLR)" BrRpug,

which is precisely (25). Therefore, if this constraint is satisfied, the symmetric SATs are
conservative. O

Equation (25) can be viewed as a constraint on the variable coefficient matrices Ay,
AR, and By. 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 ByR A1l = —BrRrArlr =
Ba1p; we use a similar preprocessing step for the divergence-free variable-coefficient
advection 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

S\i [(RLUL)Z - (RRUR)Z] =F [(RLUL)z ,ni7L] + F [(RRUR)z ,’I’Li)R] s Vi= 1,2,...,v,

where F[u,n] is the nonlinear flux in the direction m, and \; is the numerical flux
Jacobian at the ¢th 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 SAT's

To construct upwind SATs, we define

MY = RTBLR.AL — RT|BAIR,, M}, = RT (Bx — [Bx|) R,

(26)
|\/|RR = REBrRrAR — RL|BAIRR, M?;L = —R% (Bx + |Ba]) Ry
Therefore, upwind SATs for (14) and (15) are given by
2HLSAT wpwa = (REBLRLAL — R7IBA|RL) ur — R} (By — |Ba|) Rpug, @7

2HRSATR upwa = (REBrRRRAR — RE|BAIRR) ur + R (Bx + [Bal) Rpur,

) (B)\)l/,y } :

Theorem 4 The upwind SATs (27) satisfy the stability and accuracy Conditions 1 and
2. In addition, they satisfy the conservation Condition 3 provided

where |B,| = diag H(B>\)1,1 )

17By (Rpur — Rpug) = (RpArly) BoRour + (RpARlr)” BRRrur — (25)
for alluy, ug, N, Ar, where 14 is a vector of ones of length v.

Proof The matrix in Condition (1) is positive semi-definite using the upwind SAT ma-
trices (26) if

o ) [ 20 ]

for all nonzeros u; and ug. This is satisfied, because the matrix [_}Eil _}Si” has
non-negative eigenvalues.

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

Substituting the upwind SAT matrices (26) into the conservation condition, Condi-
tion 3, we obtain the same constraint on the variable coefficients as for the symmetric
SATs, namely (25). O
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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-coeflicient problem, (18), 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 SATSs, the equation in Condition 3’ reduces to

1;1;B>\ (Rpur — Rrup) = 17 (Aer.Qer + AyrQur) ur + 1% (AcrQer + Ay Qur) th, |
28
where we have made use of Rp1; = Rglr = 1. Unlike the non-divergence-free situa-
tion, the conservation condition (28) 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 (28) is satisfied. In particular, we require that A¢, A, and
B, ; satisfy

Np
(DeAe +DyA,) 1 =H™? Z (RTB,R;A; — RTB,;R)) 1, (29)
j=1

on all elements, where A; = ngjA¢ + ny;N\,, and By ; is analogous to By for face j. The
left-hand side of (29) is a direct SBP discretization of the divergence-free condition, while
the right-hand side is a SAT-like penalty. Our approach to satisfying (29) is described
in Appendix A.

If (29) is satisfied, it follows from the properties of SBP operators that

Np
17 (AeQe + A Q) v = (1;jBA7jRj) v, VwveR" (30)

Jj=1

Using identity (30) in (28) — 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 [\, )\y]T =
[1,0]T and [0,1]T, in turn.

6 Example operators on the triangle

In this section, we describe the construction of multi-dimensional SBP operators on
triangular 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+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-{2 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 We do not consider the p = 0 operator in this work



16 David C. Del Rey Fernandez et al.

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.

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.

2. A Legendre-Gauss quadrature rule with p+ 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 = ij (VQ)T7 where ij

denotes an orthogonal polynomial basis evaluated at the quadrature nodes of I I
and the superscript 7 denotes the Moore-Penrose pseudoinverse. The definition of
V4 depends on whether we are constructing the SBP-I" or SBP-{2 family. For the
latter, Vg is an orthogonal polynomial basis evaluated at all of the nodes in the
volume. In contrast, for the SBP-I" family, V is the basis evaluated at the p + 1
volume nodes that lie on face I;.
Although we have considered only the face I 7, 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 (2). An analogous equation is used for E,,.

5. The skew-symmetric operators S¢ and S,, are determined using the accuracy condi-
tions, Property I of Definition 1. For the SBP-{2 operators considered here, the S¢ and
S, operators 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-{?
excludes boundary nodes, a few other differences between the families are worth high-
lighting. 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 computation, 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. The operators presented in this paper are available as
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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 3x6
SBP-I’ 3 12 5 4 x4
SBP-2 3 10 5 4 x 10
SBP-I" 4 18 7 5X5
SBP-12 4 15 7 5 x 15

a Matlab® function file, SBP_operators.m, on line as an electronic supplement to the
paper.

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 experi-
ments 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 (18). 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(z, 1,1).

For each SBP element, we introduce a curvilinear coordinate transformation
(x(&,1m),y(&,1m)). Under this transformation, it is straightforward to show that (18) is
equivalent to
@+%V5~(AEU)+%/\5~V5 (U) =0, where  V¢-Ae=0,

ot (31)

_[o 2]" _ T

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

The SBP-SAT spatial discretization of the PDE (31) is given by (19) with the SAT
matrices defined by the upwind scheme in Section 5.2. As explained in Section 5.3, the
discretization (19) must satisfy (28) to achieve discrete conservation. To this end, we
project the analytical advection field onto a discrete field that satisfies (29), 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

hAr
for a time step of At and a nominal node spacing of hAr. Here, Ar is the minimum dis-
tance 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,. The maximum
Courant numbers were determined using Golden-section method optimization.

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]T. While
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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"  CFlLmax 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

this PDE does not have a spatially varying velocity field, we employ a monolithic, i.e.
over the whole domain, curvilinear coordinate transformation given by

R P i

)

where (£,7) € [0, 1]2. Consequently, the transformed PDE, (31), does have a spatially-
varying velocity field even though the physical-space PDE does not.

Let N denote the number of element edges along the £ and 7 coordinates. The vertices
of the elements are located at (§;,n;) = (ih,jh), Vi,j = 0,1,..., N, where h = 1/N.
For each of the N? quadrilaterals, two right triangles are generated from the vertices

{(&,m5), EGir1,m5), Givmj+1)} and {(&iv1:m541)s Eismjgr)s (Eir1,my) }-

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

The sequence of grids for the mesh refinement study is generated using
N € {12,24,36,48,60,72}. The initial condition for this study is a bell-shaped function
centered at (%7 %) with compact support:
1= (42— 1) ifp<]

1, otherwise,

Z/I(m,y,O) = {

where p(z,y) = \/(x — 3)2+ (y — £)2. The solution is advanced one time unit, which
returns the bell-shaped initial condition to its initial position.

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,

V(u—u)THy (u — u.)

T )
VulHgu,

where u is the discrete solution at the final time, and u. is the exact solution evaluated
at the mesh nodes at time ¢t = 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 dis-
cretizations based on the SBP-I" and SBP-{?2 families of operators. The expected asymp-
totic convergence rate for the errors is O(hP*!), and all of the schemes exhibit this
convergence rate or higher — the SBP-£2 p = 1 scheme exhibits an O(h?*15) rate.

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 14.6 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 3.46 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 L2 Error =
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Fig. 4 Normalized error, measured in the SBP-norm, between the discrete and exact solutions to (31)
for different mesh spacing and SBP operators.

7.1.2 Conservation

The integral of the analytical solution of (31) is constant in time, because the PDE is
conservative and the boundary conditions are periodic. Based on the analysis in Sec-
tion 4, the SBP-SAT discretization should mimic this property, and the schemes should
be conservative to machine precision.

Discrete conservation is assessed using the following metric:

Conservation Metric = [17H,ug — 17H ul,

where u 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-{2 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 = 3 scheme
produces a double-precision zero for the conservation metric on the third grid, which
cannot be represented on the logarithmic scale.

7.1.8 Stability

The L? norm of the analytical solution to (31) is also constant in time; however, in
contrast with conservation, the energy of the SBP-SAT discrete solution is only guaran-
teed 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 = ugngo — 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 7.3

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].



20 David C. Del Rey Fernandez et al.

[ o p=1 - p=3 [ o p=1 - p=3
0 10° p " 10° |- p pP=o ]
§ -0- p=2 =~ p= § -0- p=2 —- p=4
|_|LJ 102t T -0 LE 102 | s
_ o=~ -
> o o2+ A4 > o0 =0 - o
o 104 | 2:1 e T D 104 |- 0,..01] ................. SRS S
o o N ut 3:1 _ -
g a- " /e GC) ) A LA
o 10° f SO e A A D 10 P
5 o- M A /- o =3 e A
4:1 - o . - -
% 108 Foooo s Y. AR /LN % 108 foooieiees 5:1 NNy /A
s </ -
- <
g 10710 A/A - ,/,/,,/, g 1010 | AT BPAS .
= 6.1/ Pl s} ~ 7:1 o~
g o | K] ~ Energy Error g w0 | |
8 A “Z a1 Conservation Metric 8 _ Conservation Metric
: < -
g 1014 S 104 | A 94 i e ]
O @) <N
10-16 10-16
107 h 10" 107 R 10"
(a) SBP-I" family (b) SBP-{?2 family

Fig. 5 Conservation and energy errors for different mesh spacing and SBP operators.
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Fig. 6 Kernel-based grids used in the non-smooth mesh refinement study; the thick gray line in (a)
shows the kernel mesh used in the hierarchical construction.

7.2 Accuracy on a non-smooth grid

The mesh refinement study in Section 7.1 used a smooth coordinate transformation
over the entire domain, and such meshes are not representative of the grids used in
practice. Therefore, in this section, we perform a mesh refinement study on a non-
smooth set of grids in order to verify that the rate of convergence produced by the
SBP-SAT discretization is not unique to smooth grids.

To construct the non-smooth grids, we use a hierarchical construction with a “kernel”
mesh?. The kernel mesh used in this study is the mesh inside the thick-lined triangle
in Figure 6(a), and the entire mesh in this figure is the level 1 grid, i.e. the coarsest
grid. To obtain the level k mesh from the level £ — 1 mesh, each triangle is subdivided
based on the barycentric coordinates and connectivity of the kernel. The level 2 and
level 3 meshes that result from this process are illustrated in Figures 6(b) and 6(b),
respectively. The nominal element size on the level k grid is h = 1/3*.

We adopt the same initial condition and velocity field as used in Section 7.1. Figure 7
displays the accuracy results of the mesh refinement study and shows that the trends
are consistent with the error observed on the smooth mesh; see Figure 4.

3 Our approach to the kernel grid is motivated by Ref. [2] and we thank Mark Carpenter for infor-
mative discussions on this topic
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Fig. 7 Normalized error, measured in the SBP-norm, between the discrete and exact solutions to (31)
for different mesh spacing and SBP operators on the kernel-based grids.

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

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

7 sin(wz) cos(my),

— meos(mx) sin(my) |’

A=

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 NV = 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 8 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 9 shows
the change in normalized energy as the discrete solutions evolve from ¢ = 0 to ¢t = 10.
The normalized change in energy is given by

uw(t)THyu(t) — uf Hyuo HU(t)Ilﬁg 1
UoTngo ||u0HI2—|g

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

Figures 9(a) and 9(b) show the change in energy for the SBP-I" and SBP-{2 families
applied to the skew-symmetric discretization (19) 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 9(c) shows the change in energy for
the SBP-I" family applied to the “divergence” form of the discretization, namely

dJu
s + D¢Acu + DyAjyu = SAT,,.
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(a) initial condition (b) exact solution at t =1

Fig. 8 Initial condition, left, and exact solution at ¢ = 1 for robustness test.

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

8 Conclusions

Multi-dimensional SBP operators offer time-stable, high-order, and conservative dis-
cretizations 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 coupling terms in the SATs. A key insight of this paper is
that the E matrices and the coupling terms in the SATs can be decomposed in the same
way; this insight significantly simplifies the development of this class of SATs.

Using these SATs, we showed how to derive conservative and time-stable discretiza-
tions 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 partic-
ular relationship between the interpolated/extrapolated fluxes and the SATs. For a
divergence-free problem, we satisfied this conservation condition by projecting the an-
alytical 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. Comparable convergence rates were found on
smooth and nonsmooth meshes. Moreover, for the same operator degree p, the SBP-{(?
scheme was found to be more accurate. Finally, we numerically demonstrated that the
SBP-SAT discretizations presented result in superconvergent functional estimates.

4 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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Fig. 9 Normalized change in energy versus time. Every 100th time-step is marked with a symbol.

A Satisfaction of the discrete divergence-free equation

In general, the analytical velocity, which we will denote here as ;\5, does not satisfy the
discretized divergence-free condition, (29). 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, (A,); = (Aeng + Ayny),, that appear in
the elements of the By matrices. A constraint on the (), ); for each element is obtained
by substituting v = 1 into the identity (30):

N Na n,
ZF (17BrR;) 1= jjjbgﬂ (Agp)i =17 (AeQ¢ + A)Q,y) 1 =0,
j=1 j=11i=1

where the last equality follows from Q¢1 = Q,1 = 0. This constraint is simply a dis-
cretization of | pA-ndl’ = 0 on each element. There are fewer elements than face-normal
velocities, so we solve a quadratic optimization problem that minimizes the Cartesian
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norm between the discrete and analytical values at the face nodes, (w ))Z- and (5\55 ))Z-,
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 Bj; in this case we minimize the
Cartesian norm between the discrete and analytical values at the SBP nodes and (29)
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 U.
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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