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Abstract

Several types of simultaneous approximation term (SAT) for diffusion problems discretized with diagonal-norm mul-
tidimensional summation-by-parts (SBP) operators are analyzed based on a common framework. Conditions under
which the SBP-SAT discretizations are consistent, conservative, adjoint consistent, and energy stable are presented.
For SATs leading to primal and adjoint consistent discretizations, the error in output functionals is shown to be of
order #?? when a degree p multidimensional SBP operator is used to discretize the spatial derivatives. SAT penalty
coefficients corresponding to various discontinuous Galerkin fluxes developed for elliptic partial differential equations
are identified. We demonstrate that the original method of Bassi and Rebay, the modified method of Bassi and Rebay,
and the symmetric interior penalty method are equivalent when implemented with SBP diagonal-E operators that have
diagonal norm matrix, e.g., the Legendre-Gauss-Lobatto SBP operator in one space dimension. Similarly, the local
discontinuous Galerkin and the compact discontinuous Galerkin schemes are equivalent for this family of operators.
The analysis remains valid on curvilinear grids if a degree < p + 1 bijective polynomial mapping from the reference to
physical elements is used. Numerical experiments with the two-dimensional Poisson problem support the theoretical
results.

Keywords: Simultaneous approximation term, Summation-by-parts, Functional superconvergence, Adjoint
consistency, Unstructured grid, Curvilinear coordinate

1. Introduction

High-order methods can provide superior solution accuracy for a given computational cost. Furthermore, when used
with unstructured and discontinuous elements they enable efficient 2p-adaptation and high code parallelization while
still being consistent, locally conservative, and stable for wide range of fluid flow problems. Many of these powerful
features can be attributed to the solution discontinuity between adjacent elements. The manner in which elements
are coupled affects most essential properties of discretizations, such as accuracy, consistency, conservation, stability,
adjoint consistency, functional convergence, conditioning, stiffness, sparsity, symmetry, and so on. Therefore, the
coupling procedure at interfaces between adjacent elements is a critical aspect of discontinuous high-order methods. In
this paper, we analyze the numerical properties of discretizations arising from the use of one such coupling procedure,
simultaneous approximation terms (SATs) [1], for diffusion problems.

Discontinuous high-order methods developed in the past few decades include summation-by-parts (SBP) methods
coupled with SATs, discontinuous Galerkin (DG), and flux reconstruction (FR) methods. In the DG and FR methods,
element coupling and boundary conditions are enforced via numerical fluxes. A unified framework of DG fluxes for
elliptic problems is analyzed by Arnold et al. [2], a review of the SBP-SAT method is presented in [3, 4], and the con-
nections between SBP-SAT, DG, and FR methods can be found, for example, in [5-8]. Motivated by developments in
the DG method, Carpenter, Nordstrom, and Gottlieb [9] introduced the Carpenter-Nordstrom-Gottlieb (CNG) SAT to
solve the multi-domain problem for high-order finite difference methods [10]. In later works [10, 11], they showed that
SATs are closely related to DG fluxes and introduced the Baumann-Oden (BO)[12] and local discontinuous Galerkin
(LDG) [13] type SATs for one-dimensional classical SBP operators. Although these SATs are consistent, conserva-
tive, and energy stable, not all of them possess other desired properties such as symmetry and adjoint consistency.
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Hicken and Zingg [14] presented conditions that SATs must satisfy for SBP-SAT discretizations to be adjoint consis-
tent. Furthermore, they showed that, under mild assumptions, linear functionals superconverge for adjoint consistent
discretizations. Adjoint consistency and functional superconvergence properties are further studied in [15-22]. Re-
cently, Craig Penner and Zingg [23] showed that functional superconvergence is retained in curvilinear coordinates for
adjoint consistent discretizations of hyperbolic PDEs with generalized SBP operators [24].

Multidimensional SBP operators were introduced by Hicken, Del Rey Fernandez, and Zingg [25]. The SBP oper-
ators constructed in [25] are classified as SBP-I" operators — a family of operators that have (" ;f?l) volume nodes on
each facet, where d is the spatial dimension of the problem. Later, the SBP-Q [26] and SBP diagonal-E! [27] operator
families were introduced. SBP-Q operators have volume nodes strictly in the interior domain of the element, while the
SBP diagonal-E operators are characterized by two features: facet nodes that are collocated with volume nodes and
diagonal surface integral matrices. A broader classification of the operators that is based on the dimensions spanned
by the volume to facet node extrapolation matrices?, R, categorizes the SBP-Q, SBP-T', and SBP diagonal-E operators
under the R, R%"!, and R? operator families, respectively, where the superscript on R indicates the dimensions spanned
by the extrapolation matrices [28]. For a degree p multidimensional SBP operator that has a diagonal norm matrix,
the diagonal entries of the norm matrix and the corresponding volume nodes define a degree 2p — 1 quadrature rule, and
this connection simplifies the construction of multidimensional SBP operators as quadrature rules are readily available
in the literature [26]. The analysis presented in this paper is restricted to multidimensional SBP operators that have a
diagonal norm matrix.

SATs for hyperbolic problems discretized with SBP-I" and SBP-Q operators were studied in [25, 26]. A frame-
work to implement SATs with multidimensional SBP operators for second-order partial differential equations (PDEs)
was subsequently proposed by Yan, Crean, and Hicken [29]. The framework presented in [29] is flexible enough to
construct compact4 stencil SATs that lead to consistent, conservative, adjoint consistent, and energy stable SBP-SAT
discretizations. Furthermore, it was shown in [29, 30] that the modified method of Bassi and Rebay (BR2) [31], the
symmetric interior penalty (SIPG) [32], and the compact discontinuous Galerkin (CDG) [33] methods fall under this
framework. Numerical properties of discretizations of the two-dimensional heat equation with SBP-I" and SBP-Q op-
erators coupled with the BR2 and SIPG SATs were also investigated in [29]. For tensor-product SBP discretizations
in multiple dimensions, wide stencil DG fluxes, such as the LDG method, are widely used for coupling of viscous
terms [34-36]. However, many numerical properties of discretizations resulting from the use of wide stencil SATs and
multidimensional SBP operators have not been analyzed so far. In light of this, we study properties of compact and
wide stencil SATs under a general SAT framework for multidimensional SBP operators.

The three main objectives of the present work are: (1) to extend the framework in [29] to allow construction of wide
stencil SATs and study their numerical properties, (2) to demonstrate that when diffusion problems are discretized with
degree p multidimensional SBP operators in a primal and adjoint consistent manner, the error in output functionals is of
order 4%, and (3) to show the equivalence of different types of DG-based SATs when implemented with SBP diagonal-
E operators that have a diagonal norm matrix. We also specify SAT coefficients that correspond to the consistent DG
fluxes in [2, 33] and provide stability analysis for the SATSs that are not studied in [29]. All results are presented in two
space dimensions; however, generalization to three space dimensions is straightforward.

The paper is organized as follows: In Section 2, we introduce our notation and present important definitions. After
describing the model problem in Section 3, the SBP-SAT discretization and the generic SAT framework are provided in
Section 4. We analyze properties of SBP-SAT discretizations in Section 5 and present SATs corresponding to popular
DG methods in Section 6. In Section 7, we demonstrate the equivalence of various types of SATs when implemented
with the diagonal-norm R® SBP family and study the sparsity of system matrices arising from SBP-SAT discretizations.
In Section 8, we investigate numerical properties of various SBP-SAT discretizations of the steady version of the model
problem. Finally, we present concluding remarks in Section 9.

! Abbreviated as SBP-E in all figures and tables.

2 Also known as the interpolation/extrapolation matrix.

3The norm matrix is known as the mass matrix in the DG literature.

4If SATs couple only immediate neighbor elements, they are referred to as compact stencil SATs; otherwise, they are referred to as wide or
extended stencil SATs.



2. Notation and definitions

We closely follow the notation in [25, 29, 37]. A d-dimensional compact domain and its boundary are denoted
by Q c R? and 0Q, respectively. The domain is tessellated into 1, non-overlapping elements, 77, = {u)e, - Q=
UZ;IQk}. The boundaries of each element will be referred to as facets or interfaces, and we denote their union by
I, = 0Q4. A reference element, f), and its boundary, f, are used to construct SBP operators which are then mapped
to each physical element. The reference triangle is a right angle triangle with vertices ¥, = (-1, -1), ¥, = (1,—1), and
v3 = (-1, 1) and facets f; = \Tﬁ;, Hh= fo/l) ,and f3 = fTﬁz) The boundaries 0Q, I';, and [" are assumed to be piecewise
smooth. The set of all interior interfaces is denoted by I'V = (I, NI, : k,v = 1,...,n,, k # v}. The set of facets of € that
are also interior facets is denoted by Fi =T'NTy, and T2 = {0QNTy : k= 1,...,n,} delineates the set of all boundary
facets. Finally, the set containing all facets is denoted by I' = IV U T3, The set of n, volume nodes in element € is
represented by S = {(x;, y,-)}z;”], while the set of ny nodes on facet y € I'y is denoted by S, = {(x;, yi)}?zf ,- Similarly,
we represent the set of volume nodes in the reference element, Q, and facet nodes on y € I by S = {(&, ni)};:],
S y = 1{(&, r],-)}lr.z1 , respectively. Operators associated with the reference element bear a hat, ().

Scalar functions are written in uppercase script type, e.g., U € C*(£), and vector-valued functions of dimension
d are represented by boldface uppercase script letters, e.g., Wy € [L*(€)]¢. The space of polynomials of total
degree p is denoted by P?(Q), and n, = (”;d) is the cardinality of the polynomial space. The restrictions of functions
to grid points are denoted by bold letters, e.g., uy € R™ is the evaluation of U, at grid points S, while vectors
resulting from numerical approximations have subscript 4, e.g., u,; € R"™. When dealing with error estimates, we
define i = max,es, lla — bll, as the diameter of an element. Matrices are denoted by sans-serif uppercase letters, e.g.,
V e R"™*™: 1 denotes a vector consisting of all ones, 0 denotes a vector or matrix consisting of all zeros. The sizes of
1 and 0 should be clear from context. Finally, |, represents the identity matrix of size n X n unless specified otherwise.

The definition of multidimensional SBP operators first appeared in [25], and is presented below on the reference
element.

and

Definition 1 (Two-dimensional SBP operator [25]). The matrix [A)g € R"™*" is a degree p SBP operator approximating
the first derivative % on the set of nodes S = {(&, 77,-)}?:”] if

1. Dep = % for all P € PP(Q)

NS}
O

F: I:I_ICAlf where His a symmetric positive definite (SPD) matrix, and

3. Q

>

S+ %Eg where S; = —ég E; = Eg and E; satisfies
p'Esq = f PQi; AT
f

for all P,Q € P’ (), where r > D, and g is the &-component of the outward pointing unit normal vector,
A _ 1A AT =
= [fg, 0y)°, onT.

An analogous definition applies for operators in the 7 direction. Properties 2 and 3 in Definition 1 give
Q:+Qf = E. )
which will be referred to as the SBP property. Throughout this paper, the matrix H is assumed to be diagonal. The set

of nodes § and the diagonal entries of H define a quadrature rule of at least degree 2p — 1; thus, the inner product of
two functions # and Q is approximated by [25, 26]

p'Hg = f PQAQ + O(h™).
Q
Together with the fact that H is SPD, the above approximation can be used to define the norm
u" Flu = Jul?, = f(uz a0+ O(r),
¢}

which is a degree 2p — 1 approximation of the L? norm.



Under the assumption that a quadrature rule exists on y € I" with nodes $ y the surface integral matrix Eg can be
decomposed as [26]
Ee = > RIB,N,R,, )

yclt

where, I§y € R"" is a diagonal matrix containing a minimum of degree 2p positive quadrature weights on y along its
diagonal, Né.«y € R">" contains the £ component of 7, along its diagonal, and R, € R"*" is a matrix that extrapolates
the solution from the volume nodes to the facet nodes. The quadrature accuracy requirement on By is a sufficient but
not necessary condition to construct SBP operators [38]. In this paper, we consider SBP operators with facet quadrature
based on the Legendre-Gauss (LG) rule which offers a degree 2p + 1 accuracy. The extrapolation matrix, R,, is exact
for polynomials of degree p on the reference element. For SBP-Q operators, it is constructed as [26]

A A A A A -1 A
R, =V, V5 =, (VAVa)  Vf, A3)

where \7y e R and Vo € R™ are Vandermonde matrices constructed using the orthonormalized canonical
basis discussed in Appendix A and the set of nodes $ y and S, respectively, and (-)* represents the Moore-Penrose
pseudoinverse. For SBP-I" operators, R, is obtained using a Vo matrix constructed using the basis evaluated at the
p + 1 volume nodes that lie on facet y [26]. Finally, for SBP diagonal-E operators, R, contains unity at each entry (i, j)
ifi + (n— Dny = j, where n = {1, 2,3} is the facet number; all other entries are zero [38].

Some definitions that are used in DG formulations of diffusion problems will prove useful for later discussions.
Following [2], we introduce the broken finite element spaces associated with the tessellation 77, of Q. The spaces of
scalar and vector functions, V;, and X, respectively, whose restrictions to each element, (;, belong to the space of
polynomials are defined by

Vi = (P e LXQ) : Plo, € PP(Q) YO € Th),

2 2 p 2 )
=V e [LY(Q)]" : Vg, € [PP(Q]° V% € Th),
and the set in which traces’ of the functions in 77, lie is defined by

T(I') = Hoyer, L*(T0). )

The jump, [-], and average, {-}, operators for scalar and vector-valued functions are defined as

1
[[PH = Pknk + Pvnv, {7)} = E(Pk + pv): YP e T(F),

(6)

1
[VI = Vi me+Vyom, (V)= S(Vis V), VVeTDF.
At the boundaries, [P] = Pyny and {V} = V, and the {P} and [V] are left undefined [2]. Surface integral terms that
appear in the DG flux formulation® are converted to volume integrals via lifting operators. For vector-valued functions,

the global lifting operator for interior facets, £ : [L*(I")]*> — X, and the local lifting operator for interior facets,
LY [L2(9)]? = I are defined by [33]

f-E(‘V)-Zsz— V.- {Z}dl' VYZ €, @)
Q r!

i

where Q, = I, UT,. Similarly, for scalar functions, the global lifting operator, S : L*(T') — X, the local lifting

ﬂ(fV)-de:—fq/-{z}dr VZes, yel’, 8)
Y

Y

STraces define the restriction of functions along the boundaries of each element; thus, functions in 7(T") are double-valued on I and single valued
on '8 [2]. See [39] for trace theorems which affect the function spaces in which the solution and test functions are sought.
5The flux formulation is obtained by transforming second-order PDEs into a system of first-order PDEs.



operator, S” : L>(y) — X, and the lifting operators at Dirichlet boundary facets, S” : L?(y) — X, are defined by

fS(SD)~ZdQ=— P[Z]dr VZ ez, 9)
Q I’
f SY(P)-zdszz—fso[[z]]dr VZ e, yell, (10)
Q, 4
f SD(P)~ZdQ=—fPZ-ndF VZ ez, yel?, (11)
Q, Y

respectively. Note that the surface integrals on the right-hand side (RHS) of (7) and (9) do not include boundary facets;
hence, these global lifting operators differ from similar definitions, e.g., in [2, 40]. The consequence of such definitions
of the global lifting operators is that the boundary conditions are enforced using compact SATs only, i.e., extended
stencil SATs are applied exclusively on interior facets. This is important for adjoint consistency of discretizations of
problems with non-homogeneous Dirichlet boundary conditions, as explained in Section 5.3. Moreover, the lifting
operator at Dirichlet boundaries is defined locally; however, a global lifting operator definition would give the same
final SBP-SAT discretization of the PDEs we are interested in.

3. Model problem

We consider the two-dimensional diffusion equation,

% + LU =FinQ, U=Uyatt=0, Bp(U)=UponT”, By(U) =UyonI", (12)

where the linear differential operators in Q, on I'”, and on 'V are given, respectively, by L(U) = =V - (AVU), Bp(U) =
U, and By(U) = (AVU) - n, F € L*(Q) is the source term, A = [i* i‘:] is an SPD tensor with diffusivity coefficients
in each combination of directions, and we assume that T N\ T2 # 0. The energy stability analysis presented in this work
applies to SBP-SAT discretizations of the unsteady model problem given in (12).

In order to study adjoint consistency and superconvergence of functionals, we will consider the steady version of

(12), the Poisson problem. We also consider a linear functional of the form

I(U) = (Ga, U)q +{Gro, Cp(U))ro> +{Grv, Cn(U))rv (13)

where Gq € L*(Q), Gr» € L>(TP), Grv € L*(TVY), Cp and Cy are linear differential operators at the Dirichlet and Neu-
mann boundaries, respectively, and (-, -)q, (-, -)r», and (-, -)r» represent the L2(Q), LX), and L*(T'Y) inner products,
respectively. Such a functional is said to be compatible with the steady version of (12) if [41]

(L(U), Y)q + (Bp(U), Cr())ro + (BN(U), Cy(W))py = (U, L*W))q +{Cp(U), BrW))ro + (Cn(U), By(W))pw , (14)

where L*, Bj,, C},, B}, and C}, are the adjoint operators to the linear differential operators L, Bp, Cp, By, and Cy,
respectively, and ¢ is a unique adjoint variable in an appropriate function space, e.g., we assume U,y € H>. A
compatible linear functional satisfies the relations [41, 42]

I(U) = (U, Ga)a + {Cp(U), Gro)ro + (Cy(U), Grvdry = (U, L*))q + {Cp(U), BpU))ro + (Cn(U), By(¥))rw

= (L(U). Y)q + (Bp(U), Cr))ro + (BN (U), Cy(W))pw = (F,¥)q + (Bp(U), Cp())ro + (BN (), Cy(¥))pw -
15)
In the subsequent analysis, we will consider the compatible linear functional

U = f GUAQ - | wpVU)-ndT+ | yyudr, (16)
Q l"D l"N
where G € L2(Q), Yy = [n-(AVY)] € L2(TV), and yp € L>(I'P). The functional given in (16) is obtained by substituting

Ga =G, Gro = Yp, Grv = Yy, Cp(U) = ~(AVU) - n, Cy(U) = U, Bp(U) = Up, and By(U) = (AVU) - n = Uy in
(15), i.e.,

I(U) = (G, U)q + Yp, ~(AVU) - m)ro + (Y, Upw 7)
= (L(U), ¥)q + (Up, CrWro + {(Un, CyW))ry (13)
=(U.L" ) + (~(AVU) - n, By(p))p» + (U, By (W) - (19)



Following [41], we apply integration by parts to (L(U), ), twice and rearrange terms to find

(L(U), Y)q — (U, (AVY) - mypo + ((AVU) - 0, Y)pn

= —(U.V - (V) = (AVU) - m. Yo + (U (AVY) - My, 0
where symmetry of the inner product is used assuming the problem is real-valued. Equations (18) to (20) imply
L) ==-V-QVy), BpyW) =y, ByW)=@Vy)-n, Cp) =—-AVY)-n, CyW)=y. 2
Using the result in (21) and subtracting (19) from (17) we have
(G+V-VY), U + W = Yp, AVU) - m)ro + Yy — (AVU) - n, Uy = 0. (22)
Thus, the adjoint for the model problem satisfies
L'W)-G=0inQ, y=yponT? Vy)-n=yyonT", (23)

4. SBP-SAT discretization

In this section, the discretization of the model equation (12) with multidimensional SBP operators is presented.
Notation and definition of operators follow [29]. The following assumption is used in the construction of SBP operators
on curved elements which is presented in Appendix A.

Assumption 1. We assume that there exists a bijective and time-invariant polynomial mapping, My : Q — Qu, of
degree pmay < p + 1 for all Q; € T3. Furthermore, volume and facet quadrature rules with the set of nodes in
the reference element exist such that diagonal-norm SBP operators satisfying Definition 1 can be constructed on the
reference element.

The extrapolation matrix is exact for constant functions in the physical element,(, particularly R,.1 = 1. Polyno-
mials in € are not necessarily polynomials in the reference element, Q; thus, SBP operators in the physical domain are
not exact for polynomials in ;. However, under Assumption 1 the accuracy of the derivative operators in the physical
elements is not compromised [37]. We state, without proof, Theorem 9 in [37] that establishes the accuracy of SBP
derivative operators on physical elements.

Theorem 1. Let Assumption 1 hold and the metric terms be computed exactly using (A.6) and (A.7). Then for u;, € R
holding the values of U € CP*'(Q) at the nodes in S, the derivative operators given by (A.15) are order p accurate,
iLe.,

ou ou
[Dyurli = B—(fi, n:) + O), and [Dyul; = — (&, m) + OhP).
X dy

Furthermore, if the SBP operators on physical elements are constructed as described in Appendix A and As-
sumption 1 holds, then Dy1 = 0 and D1 = 0, which are the conditions required to satisfy the discrete metric
identity/freestream preservation condition [37, 38].

The diffusivity coefficients are evaluated at the volume nodes and stored in an SPD block matrix,

A A
A= XX Xy , 24
Io @

where each block is diagonal, e.g., Ay, = diag(Adyx(x1, 1) - - - » Axx(Xn,» Yu,))- The second derivative is approximated by
applying the first derivative twice,

[V-(AV) ~ D’ = Du Dy ]Ak[ D ] (25)

and the normal derivative at facet y is given by

Dy«

y

- D
[n-(AV)]; ~ Dy = NgkRykAk[ " ] (26)



where

Ny]{ _ [ Nx‘yk }’ and Ryk — [ Ryk

ka Ryk ] .

Furthermore, a discrete analogue of application of integration by parts to the term ka VV-(AVU) dQ yields the relation
(see [29, Proposition 1]),
DY = —H'Mi + H' > RIB, Dy, (27)
<l
where My, is a symmetric positive semidefinite matrix given by

_ D,
M, = D}, DI ]HkAk[ D\: ] (28)

_ H
Hk=[ k Hk}.

A further decomposition of the DI(CZ) matrix can be obtained by applying the the SBP property twice:

and

Proposition 1. If SBP operators on physical elements are constructed as discussed in Appendix A, then the second
derivative operator in (25), which is constructed by applying the first derivative twice, has the decomposition

T
D](f) =H;! (Df)) Hy — H! Z Dz;kByRyk +H! Z RikByka' (29)

vk <l

Proof. Using the SBP property in (1), we have

Dui = H"HDuH;  He = H QueH; He = Hi ' (~Q + B Hi

therefore,
Dy = —H;'DIHy + H;'Ey, and DT, = —HDyH;' + ExH, ' (30)
Furthermore,
D. D.
[Ew Eul Ak[D:] > REBNGRA [D:] = > R}B,Dy. 31)
FE ey P yeny

Using (30) and the fact that FIkAkI:l,:' = Ay (since H; and components of A are diagonal), we arrive at

DY = [Dy yk]Ak[D’ﬂ —H; [, DT]Ak[ka

Hk+H [Exk }k Ak[ k]
v

D
_ D _ E. D
= H;'[D, DL]A [DT ] Hi —H;'[D%,  D%] Ay [E +H B En] A [Dyk]' (32)
Noting that Ay = A,{, Eux = Exk, Ey = Eka, and substituting (31) in (32) yields the desired result. O

Remark 1. Identity (29) mimics application of integration by parts twice on fQ VV - (AVU) dQ.
The SBP-SAT semi-discretization of (12) for element €, can now be written as

duh,k

2 1,1 -1_B
= DPups + fr — He ' spig) — Hy'sP @, tye, woi), (33)

where the interior facet SATs and the boundary SATs are given, respectively, by

U Z[ ng D;k ][ vk [ yiklnk — Ryl ]

=y T;zk) T(;:() Dykuh,k + Dyvuh,v
Yl
(34)
T 705 T 1(6
+ Z Z RykT(yek ekuh,k eguh g] Z R T),g)‘ [Révuh,v - quuh,q] B
ycrt \ecr} scry,
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Figure 1: Element and facet labeling. For convenience common labeling is often used, e.g., Yscr, (*) implies Y5, (-) + X5, ().

and
T(D)
SP (U s Uiy W) = Z [ R;k D;k ][ _E (Rykttpp — uyp) + Z RZ;](B)/ (Dykuh,k —Wyk), (35)
ycrp Y ycI'N
here, u,; is the restriction of U on S, wy is the restriction of n - (AVU) on S, € € {€, &}, § € {41,002}, and the

(2,(), T(Sk), T(‘L), T )k, T® e R are SAT penalty/coefficient matrices. Elements and facets are labeled as
Y ! e YEl yok
Dk

shown in Fig. 1. To avoid calculating the gradient of the solution, [, |, multiple times to find terms such as Dykttp
in (34), one can compute and store the gradient of the solution in a vector.

The structure of the interior facet SATs given by (34) differs from the form considered in [29] by the inclusion of
the last two terms, which enable the study of wide stencil SATs that couple a target element with second neighbors,
e.g., BR1 and LDG type SATs. We point out that, unlike wide stencil DG fluxes, the boundary SATs do not include
extended stencil terms. This facilitates the design of adjoint consistent schemes for problems with non-homogeneous
Dirichlet boundary conditions; however, it bears an adverse effect on energy stability of some the DG-based SATs.
The connection between the SATs and DG fluxes as well as the stability issues due to the form of the boundary SATs
are discussed in Section 6. All of the SATs considered in this work have T(;L) = 0. While it is possible to construct

matrices T('), T
vk

SATs with a nonzero TE;L) coeflicient, this can decrease the global accuracy of the numerical solution and increase the
condition number and stiffness of the arising system matrix [11, 19]. Indeed, for most of the SBP-SAT discretizations
studied in Section 8, we observed that setting T(;L) = 1/2B,, decreases the accuracy of the solution and increases the
condition number of the arising system matrix by two to three orders of magnitude. For the analyses that follow, we do
not make the assumption that Tf;? is zero. The assumptions we make regarding the SAT coeflicients are stated below.

Assumption 2. For any element Q. and facets a, b € {y, €, 6}, we assume that the coefficient matrices Tijc), Tfk), Tfk), T(;L),

= (T, and T, = (TO ).

and TE,D ) are symmetric, T " e =

abk
Premultiplying (33) by vZHk and employing identity (27), the weak form of the SBP-SAT discretization reads

duy i

Mg =

T ToT T T T.B
v M i + Z Vi RyByDyittnye + vi Hicf i = vie i @nie) — vy i W, Uy, W), (36)
vk

for all v, € R". Summing (36) over all elements yields

du
Z vy Hi dl:k = Ry(up,v), Vv eR™, (37)
QT
where
T (1) (1) (3) 3)
R,ivi Tyécl) _-l(—r)k T (;) B, (3-)ryk Ryt i
R, v -T T T T, — B R,.u
— T T v y ywllhy
Ry(up,v) = - Z v, My, + Z v Hufy — Z Dy, T(zy)v _-F(vz) T(74v) va(4) Do, 4
X KT ' ply L/ S T i D.ouy
yv¥v —T),V TVV TYV Tyv yvlh,y
T[ 16) (5) T[ 10 (6)
Z Z[ Rywvi ] I Tyek _Tyek H Rextn i } Z[ e } [ T75V _Tydv H Rovtn,y }
- (6) (6) - (5) (5)
5! ECl"i Ryvvv Tyek _Tyek nguh,g scr! Ryvvv Tyév _Tyév R(Squh,q
r (D)
_ Z [ gﬂcvk } [ " -By H RV"S’%" B Z v RY Byw, (38)
y - u ¥ ’
L Dy B, 0 il ik o




Instead of adding the terms responsible for extending the stencil (terms containing coefficients T® and T®) facet by
facet, we can add them element by element. That is, we regroup facet terms associated with T® and T by element
and rewrite the residual as

Ry(up,v) = - Z vi My, + Z viHf ) — Z(V*)TT*u,’{ - Z Z o) Tou;

Ty Ty ycr! QT y,ecT,
T D (39)
_Z[R“kak} [T;) _B“/HRVkuh*k_uyk]+ZvR B,wy«
_ k vk»
b Dykvk By 0 Dykuh,k yaTN

where 3 (v*)TT*u; is equal to the third term on the RHS of (38), and

- 5) (5) (5) (5)
r[ 0 o T -TO T T
R7kvk 0 0 T(yg)l ¢ T(yﬁe)I ¢ T%/g)2 ¢ Tzlé)z ¢ Rykuh’k
vav yerk - yerk ek - ek Ryvuh,y
(5) _T16) S) &)
o T-|—<> o _ R€1kvk Te]yk Tflyk 0 0 TE[Ezk TE[G‘)k Rflkuh,k 40
D, 0 Touj = Ry R C Y o T 1O ||l Ro.u. | (40)
y,ecT! €181781 €1vk €1vk e 6k €16k €181°h.g1
k szkvk T(S) _T(5) T(S) _T(5) 0 0 Rezkuh,k
R eyk eyk eek e ek R
egVe T(5) _T(f)) T(ﬁ) _T(5) 0 0 eglUhg,
eyk eyk eek e ek R

Yet another form of the residual, and one that is important for energy analysis, is obtained by employing the
“borrowing trick” of [9] which is generalized for multidimensional SBP operators in [29]. The approach allows to
find conditions for energy stability by writing the volume term on the RHS of (38), — >\, 7, v,{Mkuh,k, as a facet
contribution. The following lemma is as an extension of Lemma 1 in [29].

Lemma 1. Given a facet based weight a.; > 0 satisfying ¥, cr, @y = 1 for each facet vy, the residual of the SBP-SAT
discretization for the homogeneous version of (12), i.e., ¥ =0, Up =0, and Uy = 0, can be written as

Dyettse] [T TS KW j
_ ykUh, k & | | Priltn,
Ry(up,up) = - § [ [Té) T@H D, v] E Xy - E E X>

D vUpy
v Q€T y,e€l}

ycI!

r ) 41
_ Z yvk Ty —ByCyk Rykuh,k
Fkvk —C;kBy a'ykAz Fkuh,k ’

where (D (D 3) _ (3)
T 1 _1
Ryuttns ETY&) T?) T 3) B (3->ryk o Ryittns
Xl — Ryvuh,v _%Tyv lT TyvC (Tyv - B)/)C'yv Ryvuh,v
Fans | | CTTS _Cr T(;) A 0 Fratn i
Fvuh!V —CZ/"VT;ZV) CT T( ) 0 a’yvAt Fvuh,v
rr 1m0  _17M (5) _T1®
Rykuh,k T k Tf/ Tyslk Tye]k Rykuh,k
R 1 T(l) lT( ) (6) _T(6) R
X2 — vlpy yerk verk ywllhy
Re ik T(S) —TS;k ST“) TS}( Re kttn i
Re o 2t (6) (6) 1 (1) (1) Re o u
e1g1*h.g Telyk _Telyk §T51g1 8 Qe e1g1%h.g
) rr 17 _17M (5) 14 1
Rykuh,k 8 Tyk Tf/ Tysok Tyezk Rykuh,k
R _lT(l) 1 T( ) T(6) _T(6) R
o Y iy il | I
1 1
RR ekUnk T(%;y . —T%) . Tf(z1k) -3 '(I'1 ot RRezkuh,k
u 1 u
Fes the Tezyk _Tezyk szgz szgz Hes Chis
- T 17 (1) (5) (5) 7
Relkuh’k 8Te k STelk Teéezk -T éezk Relkuhsk
R _1ph g ©) 10 ||,
+ agiUhg 8(5)5181 8 (ESI)gl lel(e%l; e %) €181%*h.g
RRszkuh,k T(Eé)el . —T(E%)E] . &7 o 5T Tek RRezkuh,k
u 1 1 u
Hes e Tezelk _Tszslk szgz szgz Qgthe




and

-1
_ Axx Axy ka * _ Axx Axy Hk _
Fi —[ Ay Ay L[ Dy } Ay —[ Ave Ay |, He |’ Ct —[ NaykRyk  NyyiRyx ]
-1
_ Axx Axy va % _ Axx Axy Hv _
Fv - [ Ayx Ayy ]V[ Dyv :|, AV - |: Ayx Ayy L [ Hv ], C’)/V - [ nyv Ryv N}’VVR)/V ],

Proof. Since the result follows from simple algebraic manipulations, the complete proof is omitted but we state some
of the steps. We made use of the decomposition provided in [29],

M = > ayuFfAFi, 42)

ycTk

applied the relations C,.F; = Dy, C,,F, = D,,, subtracted %T(l) terms from the first 2 X 2 block of T* and added
1T terms in the 2 X 2 diagonal blocks of T, which is then decomposed into the three terms in X,. Note that T()
is summed element by element; therefore, we recover %T(” terms at each interior facet due to contributions from two
abutting elements. 0

5. Properties of the SBP-SAT discretization

In this section, some numerical properties of the SBP-SAT discretization given in (33) to (35) are analyzed. We
will make use of the three equivalent forms of the residual in (38), (39), and (41) depending on the property under
consideration.

5.1. Consistency

Consistency is a requirement that the SBP-SAT discretization of the primal problem represents the continuous
PDE accurately. Consider the steady version of the model problem (12); then consistency requires that the SBP-SAT
discretization be at least approximately satisfied by the exact solution [43]. More precisely, we require that

;l,i_r,% Z ||Lh,k(uk) _fk”Hk =0, (43)

Q€T
where u; € R™ is a grid function representing the exact solution, U € CPH(),
Lyg(ui) = -DPuy + He'siuy) + He'sP g i, wor) (44)
is the discrete counterpart of the linear operator L applied on Uy, and ||-||y, is the norm defined by H; matrix on R".

Theorem 2. Let Assumption I hold, the SBP operators be constructed as described in Appendix A, the solution to the
PDE (12) be U € C**'(Q), and uy € R™ be a grid function representing Uy. Then, the discretization (33) to (35) is a
consistent approximation of the diffusion problem given by (12), and ”Lh,kuk -f k”w = O™ ).

Proof. The result is a simple consequence of Theorem 1, and the accuracy of the extrapolation matrix. It follows by
substituting u in place of u;, in (33) to (35), and noting that D,(f)uk = [V -AVU)]s, + O(h”"), Dyuy = -D,u, =
[y - (AVU)]s, + O(hP), and the extrapolation matrices are order p + 1 accurate, e.g., Ry = Uls, + O(hP*hy. O

5.2. Conservation

A conservative discretization needs to satisfy the divergence theorem discretely. Multiplying (12) by a test function,
YV € H*(Q), and integrating by parts we find
ou
V—dQ=—- | VV -QUVU)IQ + V@AVU) - ndl' + | VFAQ, (45)
Q Ot Q 8 Q

which is equivalent to applying the divergence theorem if we set V = 1. Thus, for a problem with no source term and
v = 1, we require all except the boundary terms on the RHS of (39) to vanish.

10



Theorem 3. Let Assumption 1 hold and the metric terms be evaluated exactly, then the SBP-SAT discretization given
in (33) to (35) is conservative if the penalty matrices satisfy

T(l) T;IV)’ T(3) T(3) _ By, Tfh)k — _Tf;a)k’ (46)
where a,b € {y, €1, &}.

Proof. Tn (37) and (39), we set v = 1, f = 0. Applying T;)) = T\, and T} = B, = =T in T®), TO) = -TO),
for a,b € {y, €1, &} in T, and using the exactness of the extrapolation matrix for constants along with the operations
Dyl =Dyl =0and D1 = D)1 = 0, we obtain Y o, v Mitty = 0, X, i (v*)" T*u* = 0, and Z%egrfi(VO)TT<> °=.

Therefore, (37) becomes

du
D, VHe5 = > VR Bywy+ 3 [1R]B, Dyt~ 1" RETY (Ryuatns — )| 47)
QT ycIry ycIr?
i.e., all interface terms in the residual vanish and }\q 7, lTHk% depends only on boundary terms, as desired. 0

5.3. Adjoint Consistency

Adjoint consistency refers to an accurate discrete representation of the continuous adjoint problem, i.e., the exact
solution to the continuous adjoint problem (23) needs to satisfy

}.Lmo Z HL,’;’,((nﬁ) - gk“Hk =0, (48)

Ty

where L, ik is the discrete adjoint operator (see [14, 16] for similar definitions). The discretization of the linear functional
(16) needs to be modified in a consistent manner to attain an adjoint consistent discretization [41]. One possible
modification is

In(uy) = Z g Huwpy — Z 'p;kByDykuh,k + Z Zi-kByRykuh,k + Z W;kT(yD)(Rykuh,k = Uy), (49)

YTy ycrpP ycIv ycrpP

where ¥, and z,, are restrictions of ¢ and n - (1Vy) on S, respectively. The last term in (49) is added for adjoint
consistency [14, 17, 29, 41, 44]. Similarly, we modify the discretization of another form of the functional that is given
by the last equality in (15) as

1) = Z FiHW ~ Z 1By Dyithy i + Z Wy By Ryl + Z uy T3 Ry = ¥ye)- (50)

YCT ycrP ycry ycIr?

A general procedure to modify the functional for adjoint consistency of discretizations of problems with non-homogeneous
Dirichlet boundary conditions is discussed in [44]. If the boundary SATs contain extended stencil terms, it is not clear
whether a similar modification is applicable to retain adjoint consistency.

To find the discrete adjoint operator, we require that ;,(w,) — I,(;,) = 0, which is a discrete analogue of 7 (U) —
I(y) = 0. Subtracting 3 g 7, l/l;ka(Lh,k(uh,k) — f) = 0 from (49) gives

I(uy) = Z g/ Hiny — Z 'ﬁszyDykuh,k + Z zszyRykuh,k

QT ycID ycIN
T (D) T D
+ Z Yo Ty (Rykttnge — wyi) — Z U He L @ng) = fr)-
ycrpP QT
Rearranging, adding, and subtracting terms we have
T T T T 7D
In(up) = Z YhaHef i = Z 1y, By Doy + Z Wy By Roat e + Z wy, T Ryt = ¥yp)
YCT ycrpP ycry ycr?
T T T T (D
- Z ¥ HeLn e (n ) + Z w,  Higy + Z 1, B, Dyl — Z wy, T3 Ryl = W) (52)
QT QT ycr? ycIpP
T T T T (D
- Z wka}’R)’k!ﬁh,k - Z lﬂkayDykuh,k + Z zkayRykuh!k + Z l/kaTgl )(Rykuh!k - llyk),
ycIN ycrpP ycIN ycrpP
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where the sum of the first four terms on the RHS is equal to /() due to (50). Rearranging terms, we find

- Z ¢,€kaLh,k(uh,k) + Z uikagk + Bierms + In(¥y,) — In(uy) = 0
QkC7—h chﬂz

where Bierms 1S the sum of the boundary terms in the last two lines of (52). Using (44) and (29) we write

—uT —ul (2) T _ T B
(1 £1 £1 £1 SKY
i HiLnx@ini) = ¥, H D wn i — W5, 183 @i i) = W18 W s Woies Wok)

T
= lpl{k (D]((Z)) Hkuh’k — Z l/lz;kngB),R),kuh,k + Z t//,{’kakayDykuh,k

ycly ycly

T o T B
=S @) — WSy (Wn ks Wi, W)

Summing over all elements and transposing the result, we find

- Z ('/’I{,kaLh,k(uh,k))T = Z up HDPy, — Z(u;)TT*%* _ Z Z @) Ty

QT Ty ycr! QuCT y,e€ly
T(D) T
_ Z (Rykuh,k - uyk) Ty Ryk‘/’h,k - Z uka Dyk‘/’hk + Z uh kD B Ryk(//h,k
ycr? ycrp ycrP
T
+ D WhB Ryt — > ul RLB, Dy,
ycIv ycIN

where T¢ = (T°)7, and

(1) (1) (2) (2)
T¢ T8 T®+B, T
(1) (1) (2) (2)
T = (3>Ty Tg) _Téﬁk T (J; B
T)/k B, T Tyk T

(3) (3) (4) (4)
T TW-B, T, T

Y

Substituting (55) into (53), enforcing I,(uy) — I(¥,;,) = 0, and simplifying, we obtain

D uiHe (D + &) = D@ T - Y > @) Ty

QT ycI! QCTh y,e€l}
T D)
R kuh,k T(
- Z [ Dzkuhk —yB (Ryk‘/lhsk B '/’Vk) B Z uhkR B ( Wk~ z“/k) =0.
ycrP ’ Y ycIy
Rewriting (57) as Y., 7, uika (Lz’k () — gk) 0, we identify the discrete adjoint operator, L, ,, satisfying
Lzyk(wh) - gk = 03
to be
* 2 - * - *
Ly @) = =D + H (50" W) + He (50) W Yy 20),
where the adjoint interior facet SATs and boundary SATSs are given, respectively, by
Ryt
) I e O g "
O Y LA DR b
k | 7k T( ) y TE/V) T(k) Tg/v) Dyklﬁh,k
ycly V!
VVl/’h,v
6 5 6
+ Z {Z R 76kRek‘;[/h,k + T(ye)kag‘ﬁh,g] - Z R)Tk [T;(S)VR(SVWh,v + Ti/(S)va;‘]Wh,q]
ecI! ocr!

* (D)
(sf) = Z [ Rzk ng ][ Téy }[ Rycni — Y ]"' Z R«kav (Dyk‘/’h,k _zyk)'

ycrpP ycINy
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(55)

(56)

(57)

(58)

(59)

(60)

(61)



Note that the last term in (si)* is obtained by rewriting the extended interior facet SAT's by facet contribution, regrouping
by element, i.e.,

Z Z (wz)TTOuZ - Z { Z ‘ph VRg‘»TS},)V 7vuh,v - Rykuh,k] + Z '/’;{kaTkT(Ey)k[Rykuh,k - R'yvuh,v]

QT y,ecl",’{ ycIh  scrt eCF,{
T (6 T (6
+ Z ‘/lh qR5qT((5)/)v ywllhy — Rykuh,k] + Z !/’h gR T( )/([Rykuhk Ryvuh,v]}
ocr ecr!
_ T pT 70) T 7(6 T 105) T 1(6)
- Z Z { Z [‘/lh’kakTeﬂ/k ¥, ngngyk] Rykttns = Z [‘/lh VRﬁvTéyt + thR T57V] Rykuh’k}’
QCTh yclf  ecTy, ocr!

(62)
and transposing to find

Z Z @) Ty, = Z Z {Z ”hk ;SflRek‘/’hk + Tyek eg'/’h,g] - Z "hk [Ty& Rsvii,, + TyévR(S(I‘/’hq:I}

QT y,eelt QCTh ycI}  eclt ocr!
(63)
It is also possible to regroup the extended interior facet SATs as

Z Z R% (TS Ry + TR W) = R (TSRt + TO R, )| (64)

yCl"i eCl"z
which can replace the last term in (60). We now state a theorem which is an extension of Theorem 1 in [29].

Theorem 4. Let Assumptions 1 and 2 hold, and the metric terms be evaluated exactly. Then the SBP-SAT discretization
given in (33) to (35) and the discrete functional (49) are adjoint consistent with respect to the steady version of the
continuous PDE (12) and functional (16), i.e., (48) holds, and |L;, b — g| . = OB"™") if yu € CP*'(Q) and the
coefficient matrices satisfy the following relations

T“) T@ 1O _ _1©

T =T, TO+T2=-B, T)+T0 =8, @, T =-TY, (65)

o vk yv v
where a,b € {y, €, &}.

Proof. The result is a consequence of the accuracies of the derivative and extrapolation operators, e.g., for the exact
adjoint solution Df)lﬁk + g = [V-(AVy)ls, +Gils, +O0(h"~1y = O(h?~"). Similarly, Dyt = Dy, = [n-(AVY)]s, +
O(h”) and Ry, = Uils, + O(h”*"y which also holds for the extrapolations at the other facets. The desired result is
obtained by substituting these approximations in (59) and using the coefficients in (65). O

All but the second and fourth conditions in Theorem 4 are required for conservation (see Theorem 3). Similar
analysis in [14] shows that an additional condition is required for a conservative discretization to be adjoint consistent,
and such requirement can also be inferred from [2, 44]. The following corollary follows from a comparison of the
conditions presented in Theorems 3 and 4.

Corollary 1. Adjoint consistency is a sufficient but not necessary condition for conservation.

Remark 2. In the DG literature, conservative properties of numerical fluxes associated with the solution and with
the gradient of the solution are used to define conservation and adjoint consistency. A numerical discretization is
conservative if the numerical flux associated with the gradient of the solution is conservative, and the discretization is
adjoint consistent if both numerical fluxes associated with the solution and the gradient of the solution are conservative
[2, 44]. Conservation of the numerical flux associated with the gradient amounts to applying integration by parts
once, as in (45), and requiring that all SATs except those corresponding to frB(/W‘LI) - ndl’ vanish forv = 1 in
the discretized equation. On the other hand, conservation of both numerical fluxes amounts to applying integration
by parts twice on the diffusive term and requiring that all SATs in the discretization except those corresponding to
frB VAVU) - n — UQAVV) - ndT vanish for smooth test function, V. This gives (T*) instead of T* in (39) which in
turn yields the same conditions for conservation as those stated for adjoint consistency in (65). The ambiguity on the
definition of conservation, i.e., whether to require the SATs to vanish after a single or double applications of integration
by parts, is discussed in [11]. Furthermore, in [21, 22] the latter definition is used to conclude that adjoint consistency
is a necessary and sufficient condition for conservation.
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Remark 3. The discrete adjoint operator, (59), is derived for compact stencil SATs in [29] using the variational
relation J;[u,](6u) + R [up] (0u, ) = 0, where J,[u] and R;[u,] denote the Fréchet derivatives of J, and Ry, with
respect to uy, respectively, and duy, is the variation of uy. This suggests that the modification of the functional in (50)
is necessary for adjoint consistency, since our approach to obtain (59) relies on this modification.

Remark 4. Theorem 4 implies adjoint consistent schemes need not have a symmetric stiffness matrix resulting from

the residual (41). However, as in [29], we consider adjoint consistent SATs that yield a symmetric stiffness matrix by
- (3) (2 _

requiring Tyk - Tyk =B,.

5.4. Functional accuracy

The accuracy of the target functional depends on the primal and adjoint consistency of the SBP-SAT discretization
of the underlying PDE. We establish functional error estimates for primal and adjoint consistent SBP-SAT discretiza-
tions of the Poisson problem on unstructured curvilinear grids. The following assumption will be necessary to proceed
with the analysis.

Assumption 3. Unique numerical solutions to the primal and adjoint equations, uy; and ¥, respectively, exist, and
as h — 0 they approximate the exact primal and adjoint solutions, w; and ¥, respectively, to order hP*! in the infinity
norm, i.e.,

luns = uil|, = O(R"*Y). and ||, — wi|., = O(n").

The reason to invoke Assumption 3 is related to difficulties in showing that the SBP-SAT discretization is pointwise
stable (see, e.g., [14, 17, 23] for similar assumptions, and [45—47] for analysis of convergence rates in one dimensional
framework). Despite the fact that the truncation error for the primal and adjoint discretizations is O(h”~!), numerical
experiments show that the estimates in Assumption 3 are usually attained. In fact, the functional error estimate in
Theorem 5 below holds even for order 47 primal and adjoint solution error values. To simplify the analysis, we first
consider the case where the discretization has only one element and later show that the error estimate holds for more
general cases.

5.4.1. Functional error estimate on a single element
The residual for the discrete Poisson problem, RHS of (33), on a single element premultiplied by (ﬁ,{Hk reads

Wi HiRis = = HiDLY (i — wi) = Y KD wye — Yl Hif + Z Y RLTY (Rykuh,k - uyk)
ycrpP

- Z ¥;D,,B, (Rykuh,k - uyk) + Z ¥, R,,B, (Dykuh,k - wyk) =0,

ycIrp ycIv

(66)

where we have added and subtracted the term :p,{Hk Df)uk. Similarly, the residual of the discrete adjoint problem, (58),
premultiplied with u] H, can be written as

ug HiRyy = _“ZHkDf) (‘ﬁh,k - ‘/fk) - "ZHkD;(cz)‘/fk —u; Hegy + Z uy Rsz(yD) (Ryk‘/’h,k - ‘/’yk)
ycrP

- Z "sz;kBy (Ryk‘//h,k - ‘/’yk) + Z ”JZR«Z/(By (Dyk‘ph,k - Zyk) =0.

ycrP ycI'N

(67)

We will use the above forms of the residuals, (66) and (67), to prove the following theorem.

Theorem 5. If Assumptions 1 to 3 hold, U,y € C***(Q), 1 € C**1(Q), and up; € R is a solution to a consis-
tent and adjoint consistent SBP-SAT discretization of the form (33), then the discrete functional (49) is an order h*?
approximation to the compatible linear functional (16), i.e.,

I(U) - I(uy) = O(hz”). (68)

Proof. The diagonal norm matrices Hy and B, contain quadrature weights of at least order h?? and h*P*! accuracy,
respectively. We discretize (16) using these quadratures as

I("LI)zfQ’L(dQ—f 1//D(/1V"L()-ndl“+f YynU dl
Q ro I

= g{Ha = ) ylBwyc+ D 2By + O (h?). (69)

ycrp ycIvy
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From (15), the compatibility of the linear functional implies
IT(UU=1TW)= f?"wdﬁ—f Up (AVY) - ndF+f Uyy dll
Q > v
= fIHW, - > uliByzu+ > whB, +O(K7), (70)

ycrP ycIv
Subtracting (49) from (69) and rearranging, we obtain

I(U) =Ty up) — gf Hi (ung — ue) + Z 'l’ngy (Dykuh,k - wyk)

ycr?

(71)
- Z Z,ZkBy (Rykuh,k - uyk) - Z l/l;kTg,D) (Rykuh,k - uyk) + O(h2p> .
ycIN ycrp
Adding and subtracting terms, we can rewrite (71) as
T (U) = T (up) — g Hic (wnpe — wy) + Z B, (Dykuh,k - ykuk Z !ﬁka Dyt — wyk)
yCFD ycrp
- Z z;kBy (Rykuh,k - ykuk Z zyk ykuk - uyk) (72)
ycI'V ycIN
- Z lﬁz:kTg,D) (Rykuh,k - Rykuk) - Z (/I)T,kT(yD) (Rykuk - u./k) + O(th).
ycrpP ycrpP
Adding (66) to (72) and simplifying, we have
I(U) =T (up) +{ D UnBDH — gl = > 2B RuH! = > yiD]BRyH,!
ycr? ycIv ycrP
— Y HDPH! + > (IR —wl) TPRH + Dyl RYB,DyiHy 1}Hk (g — uy)
ycr? ycI'v (73)
+ Z ‘//z:kB)’ (Dykuk - Wyk) - Z z;kBY <Rykuk - uyk> - Z l/IIZC-D)T,kB), (Rykuk - u),k)
ycrpP ycIN ycrpP
+ D W RLB, Dyt — wyi) — Yf HiDPuy — Yl Hify + O (7).
ycIN
Applying identity (29) in (73) and simplifying gives
T _ -
T =Ty +{ - gl ~ul (0F) = Y (WIRL - 91)B,DuH + 3 (1D, - 21,) B, Rk’
ycrP ycIvy
+ Z lﬁk — yk T(D)Rka }Hk (uhk —u) + Z l/lka ykuk - Wyk) - Z ngBy (Rykuk - uyk)
ycIpP ycrp ycIy

= > Wi DLB, (Rt — i) + D" Wi RLB, (Dysate — i) — L HID e — Yl Hif + O (7). (74)

ycIp ycIy

The sum of the terms in the curly braces is the transpose of Lh W) — g, which is order hP~! due to Theorem 4,

Hi(upx — i) = O(h?*3) since Hy = JyH = O(h?), and ||upy — wil| ., = O(h”*") due to Assumption 3. Hence, we have
I(U) =Ty @)+ Y Y{RLBy Dyt —wy) = > yiDLB,y (Ryau —uy) = > yiDLBy (Ryeany — 1)
ycrP ycI'N ycrpP (75)
+ Z Wi RYBy (Dyiaty — wyi) = Y HiDPwy — g Hef + O (7)),
ycIv

where the relations (lﬁ,fk -y ng)By(Dykuk —wy) = O(h"*?) and (zgk -y ng)By(Rykuk — uy) = O(h"*?) are used to
obtain the second and third terms on the RHS, respectively. We can further simplify (75) as

I =1, (uh)—{a/ff Hef o+ HiDP we— " i RUB, (Dyati = wyu)+ > yi DBy (Ryeany — i) }+0(h2") . (76)

ycI'8 ycIs
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Moreover, using (69), (70), and (29), a straightforward algebraic manipulation of (75) yields

I (U =T, (uh)—{u,fHkgk +uZHkDf)l//k— Z uZngBy (Dykl/!k - Zyk)"‘ Z uZD;(B}, (Rykl//k - ‘/’yk) }"‘O(th) . (T7)

ycrs ycI'8

Subtracting (77) from (76), we find

7, — 1y = O(h*), (78)
where
7, = Y H S+ P HD g — Z Ui Ry By (Dpauk = wye) + Z ¥ DBy (Rywtic — ). (79
ycIB ycI®
7y = ul Hgy + ul HDPy, — Z ulRT,B, (Dyy — 20) + Z uf DB, (Rt — ¥4 (80)
ycl'® ycT®

For an affine mapping, the derivative and extrapolation operators in (79) and (80) are exact for polynomials of
degree p, and since all the terms in 7, and 7, are integrals approximated by quadrature rules of degree > 2p — 1,
it is sufficient if we can show that (68) holds for polynomial integrands of total degree 2p — 1. A similar technique
is used to show quadrature accuracy in [48]. If we set U € PP(€) such that (yU) € P?P*1(€), then we have
7, = O(h*) due to the accuracy of the SBP operators and the primal PDE. Similarly, if we set ¢ € PP(€;) such that
(W U) € P?+(CY), then we obtain 7, = O(h*") due to the accuracy of the SBP operators and the adjoint PDE. Hence,
we obtain Z7(U) — I,(u,) = O(h*?). On curved elements, the SBP operators are not exact for polynomials of degree
greater than zero. However, since (78) must hold for all combinations of U and ¥, we conclude that each of the error
terms, 7, and 7, must be O(h?*P), which gives I(U) — I,(uy) = O(h?P), as desired. O

5.4.2. Functional error estimate with interior facet SATs

In this subsection, we will show that the functional estimate established in Theorem 5 holds for primal and adjoint
consistent interior facet SATs. We consider two elements € and Q, sharing interface vy and introduce the following
vectors and block matrices

T
wn = [u};k u{lvv ul’{gl u’{gz u};th uf{qz] ’ Hll :Hk’
u :[ uZ u‘{‘ ugl ugz ugl ul]{; ]T’ H22 = Hva
T
!ﬁh:[ iTt,k !ﬁf{v ‘ﬁi{gl l/’;,gz ‘/’}Tuql !ﬁf{qz] > Dy = Dy, &1
T
v=wi W v v v YL Dy = D,
T T T
f=lrl o0 0 0], (D11 = DeAg,
T
g=lgl & 00 0 o, (D)2 = DA,

where the vectors in the left column are of size R®, the matrices in the right column have 6 X 6 blocks which are of
size R"™*" each. Except for the blocks specified, the entries of the matrices in the right column are all zeros.
We can write the primal residual for the two elements premultiplied by ¢ H as

Y HR),, = ¢ "HDDA () — u) — " HDDrw — Y Hf + " A @y —u) + " Au + "B (u, —u) + y"Bu =0, (82)

where we have drop all SATs except those at the facet y, and the nonzero entries of block matrices A, B € R are
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given by
1 5 5
Ay = RL TR + RLTS) Rew + RL TS Res

— T 105)
AB - _RykT Rflgl’

yék Y181

A= -RLTOR,, + RLTS Ry, + RETE Rine Ars = -RLTS Ry,

Aoy = ~RE TRy + RY T Rew + RLT R Ars = ~RE T R,

A = R;,Tfylv) Ry + RZ;VT'()’?H/R(S]V + RgvT;?zvRﬁzv’ Arg = _R)T’kT;?zVR‘SZ‘“’ 83
B = O TR0+ TS0, + DD, A= —RLTO, A >
By, = _D;kT;Zk) R, + R;kT(fk) D,, + Dsz(;}() Dy, Ay = —szT(yie)szs‘zgz’

By = _ngT(yzv) Ryt + RQT%) Dyt + ngTgflv) Dy Ags = _RJT'VTEY?WR‘S"" ’

By = D;VT(VZV) Ry + RQT;S‘? Dy, + D«fvT(fv) Dy, Ags = _szT(ysé)zvR‘SZ‘h'

For the discrete adjoint problem, (58), with extended interior facet SATs grouped as in (64), the truncation error reads

ey =DDAY + g - H 'Ky - H 'Ly,

where
Ky = R}T’kT(ylk) Ryt + R-;{lkTS:/kRVk + Rgszg)yk Ry, K = _Rg‘g ‘Tés')VkR
Kiz = R}, TW Ry, + RL TRy, + RLTE Ry, Ksz = ~Ri TR
Ky = _R«fvT(ylk) Ry + RglngG])wR*/k + Rgszg?vaVk’ Kar = _R;ngg)VkR
Ky = RQ,TEYIV) Ry + ngTfsS])wa + Rgszf?Sz)yv Ry, Kz = _R'szngZ)yk R
Ly = R)T/k (T;Zk) + By) Dy + ng (Tf/ak) - Bv) Ry + D«;ka/t) Dyks Ks1 = _Rglqngélz/VRyk’
Ly, = —Rszﬁyzv) Dy + Dszffv) Ry, + DszE;‘v)Dw’ Ks2 = _R‘?I‘IITSI/VR

_ T 1(2) T 703) T 1%
L21 = _R}’VTyk Dyk + DYVTyk Ryk + D)’VTyk Dyk, 0292 Sayv

Ly = RJ, (T +B,)D,, + DI, (TS - B,) R,y + DI, TWD,,, Ke =-RE, TS R

02q2 ' Sryv

Ke; = _RT T(6) R

(84)

(85)

Theorem 4 ensures that e, = O(h’~') for adjoint consistent SATs . Neglecting the boundary terms, we write the

functional as

I(U) = f GUAQ = f YF dQ = g"Hu + O(h*) = fTHy + O(h*).
Q Q

Adding (82) to 7(U) = g"Hu + O(h*") = g"Huy, — g"H(uy, — u) + O(h*) and simplifying, we obtain

I(U) =1 )+ {y"BH" — g "HDDAH ™" - g" + ¢ AH™' | H (), - u)
— Y HDDu — Y Hf + " Au + " Bu + O(n).
Identity (29) gives
HDDAH™' = DD - CH™,

where the nonzero entries of C are

Ci1 = DB,Ry — R1,B, Dy + > (DBRa - RLBD),

ecly

Cx =DI,B,R,, — R},B,D,, + > (D}, BsRs, - R],BsDs).

ocrl’,

Substituting (88) into (87), we find

T(Uy =1 @) +{y" B+ COH" -y DD - g" + " AH™ | H (), - u)
— Y HDDAu — ¢ HS + " Au + " Bu + O(n).
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We define C, as the matrix C without the terms on facets other than v, and replace C in (90) by C,. We then note
that A = K’ and B + C, = L7, and the sum of the terms in the curly braces is equal to ei, which is O(hP~") for
adjoint consistent interior facet SATs. Hence, the second term on the RHS of (90) is order h2P*2_ Therefore, the
terms remaining due to the inclusion of interior SATs are ¢ Au and ¢ Bu. These terms are added to 7, given in
(79). Similarly, using (86) and (88), it is possible to show that 7, must include the adjoint interior SATsS, u"Ky and
u”Ly. Then, applying the same argument used to establish the order of 7, in the proof of Theorem 5, we arrive at
I(U) - I,(up) = O(W?P) for discretizations with interior facet SATs.

Remark 5. Dropping terms in the matrix C that are associated with facets other than vy is not necessary if one considers
all facets for the analysis, but this would require working with bigger matrices.

5.5. Energy stability analysis
In general, energy stability of SBP-SAT discretizations implies
du?
%(nuhuﬁ) = u,{Hddl: + d—[hHuh = 2R), (up, up) < 0. 1)
We analyze the time stability of the SBP-SAT discretization (33) to (35) of the homogeneous diffusion problem. A
class of adjoint inconsistent SATs is considered first, and later we present conditions for stability of a class of adjoint
consistent SATs. The following theorem, whose proof can be found in [49, 50], is useful for the energy analysis.

. . Y Y
Theorem 6. For a symmetric matrix of the form Y = [yr y,'],

l) Y >0 lfai’ld OI’lly l.lel > 0, (l - YIIYTI)YIZ = 0, and Y22 - YITZY-IFIYIZ > O,

i) Y = 0ifand only if Yo, = 0, (I = Y. Y3,)YT, = 0, and Y1, — Y12Y3, Y], = 0,

where Y > 0 indicates that Y is positive semidefinite.

5.6. Energy analysis for adjoint inconsistent SATs
All of the adjoint inconsistent SATs presented in this work do not couple second neighbor elements. Therefore, we
focus on compact adjoint inconsistent SATs and prove the following statement.

Theorem 7. A conservative but adjoint inconsistent SBP-SAT discretization, (33) to (35), of the homogeneous diffusion
problem (12), i.e., ¥ =0, Up = 0, and Uy = 0, is energy stable with respect to the diagonal norm matrix, H, if

1

(3) (2) — (3) (2) _ (1) (D)
Tyk + Tyk -B,=0, T,/ - Tyk =0, Tyk >0, - a—kaykaBy >0, )

(3) (2) — (3) (2) — @) _ 174 (5) _ 6) _
T, +T,)-B, =0, Tyk -T,) =0, Tyk =T, =0, T =T =0,

where for element Qy, and facets a,b € {y, €1, &, 01,02}
A1 o
Tast = Cac (A7) G = NI RusHg  AcRT N (93)

Proof. We have to show that for the conditions given in (92) the residual satisfies 2R, (u;,, u;,) = Ry, (uy, u;,)+RZ (up,up) <
0, which is the case if all the 4 x 4 block matrices on the RHS of (41) are positive semidefinite. The positive semidef-
initeness of the 4 x 4 block matrix in the first and last terms of (41) are analyzed in [29], and it is shown that these
block matrices are positive semidefinite if T(;L) =0, T(yD) > 0, and the Schur complement T(yD) - (1/ay)By Ty B, > 0.

Substituting Tisb)k = —Tf;)k = 0 and T(y'k) = T;'V) (due to conservation) in (41), and regrouping T;lk) terms, the last 4 x 4

block matrix that we need to show is positive semidefinite is A + AT, where

T - (T8 -B,)Cu T9Cy
A _Tglk) T'(ylk) Tg'Sv)Cyk (Tsﬁy)v - Bv) Cy ) (94)
crTy -crTy A 0
-cITy) ¢l 1Y) 0 A
The off-diagonal block matrices of A + AT vanish for the conditions given in (92). Moreover, [_TT%; _TT(%) I=1471®
T(y'k) is positive semidefinite if T(ylk) > 0 due to properties of Kronecker products and because [_': ‘117] > 0. Finally,
[an)Az ay?Az] > 0 since ay, > 0, ay, > 0, Ap = 0,and Aj > 0. Therefore, A + AT > 0 which completes the proof. O
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5.7. Energy analysis for adjoint consistent SATs

We consider a class of adjoint consistent SATs for which Tfj() —T;zk) =B, and Tiilk) is SPD, where a € {y, €, &, 1, 02}.
This class covers all types of adjoint consistent SAT studied in this work, and Theorem 8 provides sufficient conditions
for energy stability of discretizations involving these SATs. A class of adjoint consistent SATs for which T(ai)k = T(a??)k =
0 in addition to the above two conditions is studied in [29].

Theorem 8. An adjoint consistent SBP-SAT discretization, (33) to (35), of the homogeneous diffusion problem (12),
ie, ¥ =0, Up =0, and Uy = 0, for which Assumption 2 holds, Tf;k) - T(yzk) =B,, and Tf;() > 0 is energy stable with
respect to the diagonal norm matrix, H, if the SAT coefficient matrices satisfy

T - % (QLWT(Y?TWJQ? + QLWT;?TWT;?) =0, (95)
T - 64T, (T3)) ' T, = 0, (96)

™ - iByTkay >0, 97)

T™@ >0, (98)

vk

where Y is defined in (93), a,b € {y, e, &), { = 2 for compact stencil SATs, i.e., SATs with T(usljk = be)k =0,
otherwise { = 1, and T > O indicates T is positive definite.

Proof. We apply the conditions for adjoint consistency given in (65) on the residual (41). Because the residual is
symmetric under these conditions, it is sufficient to show that R;(u;,u;) < 0. The conditions in (97) and (98) are

established in Theorem 7. We rewrite the 4 x 4 block matrix in X;, the second term in (41), as A = [Q:T; 2; ], where
1 T(l) _T(l) T(Z)C " _T(ZV)C ) A
An = —[ L] A= 20 O | Ax =[ TRk «F} (99)
20~ vk Tyk _Tyk Cy  TywCyp A
Since Ay, is positive definite, Theorem 6 ensures A > O if and only if Aj; — A12A;21A]T2 >0,i.e.,
-1l (Lo 10, 1o 1o
[_1 | ]@ [ETyk - a_ykT‘/" kaTyk + a—wTw Ty T30 || = 0, (100)
which gives the condition for stability in (95) with £ = 1. Setting be)k = 0 and regrouping T(alk) terms as in (94), the
terms with extended SATs in (41) vanish. Imposing TE:k) - T(yzk) = B, and the adjoint consistency conditions, we obtain
1 D
A = [_-Ffu T(Tf ] while A}, and A,, remain unchanged. This yields the stability condition [29]
vk vk
1 1
(D (2) (2 (2 2
Tyk — (a’_ykTyk T)’VkTyk + a'_vayV T'}’}’VT’)/V) > 0. (101)

After applying the conditions for adjoint consistency, the first 4 x 4 block matrix in X5, the third term in (41), reads

1 (D) 17D (5) (5)
§Tyk _ng/k T €k _Tgelk
_1 g O )
8 " yk 8 vk ek

Gy G
G =|: T = YEé yverk (102)
(S) (S) 17 17|
G, G2 ngf —-I(—SE)I'}/k i ﬂ(]]() _§'|(']€)]k
1 1
_Tfl)’k Té]}'k _§T51k §Telk

where Gy, G2, and Gy, are 2 x 2 block matrices. Energy stability requires that G > 0 which, using Theorem 6, implies

we need to find conditions such that (I - GzzGL) Gsz =0and G, — G12G§2G1T2 > 0 since Gy, > 0. But

(T TS ) I VPPN S I TS LS PP A IS B § A B
G}z_([_] 1}®§Tﬂk =17 ®§Te]k = 1®§Tﬂk , (103)
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where we have used [ ! 7! 1" = %[ 1, 7'] and the fact that TSI)c is invertible for the class of SATs under consideration.
Therefore,

| 1 ~1 1 1 _1 1 -1 T(S) _T(S)
(1-G2G3,) Gl = {[ |] _([—1 1 ]®§Tgl) [[_1 1 ]@(ETZ:;) )} [_'lfg;< T(gyk =0 (104)

evk vk

Furthermore, using properties of Kronecker products it can be shown that

3 -1
Gn-GuaLal =| L Me(lro)o| L I glre (Lro) 1o
1 1252512 -1 1 g vk -1 1 vak\ o "ek €vk

(105)
-1 e lgr-sm )
which implies Gi; — G12G3,GY, > 0if
T 6479 (TO) 19, > 0. (106)

Similar energy analyses for the rest of the 4 x 4 block matrices in X, (or simple geometric arguments) reveal that all
the 4 x 4 block matrices in X, are positive semidefinite if

o) ) (Y +6)

T - 6410 (T})) Ty =0, (107)
for a, b € {y, €1, &}. We have shown that the conditions stated in Theorem 8 are sufficient for all the 4 x4 block matrices
in the residual (41) to be positive semidefinite; therefore, Ry, (u;, u;) < 0 as desired. ]
6. Existing and DG based SATs

The SAT coefficients associated with different types of DG fluxes are obtained by discretizing the residual of the
DG primal formulation of the Poisson problem, which has the general form [2, 33]

R(U, V) = —fw(uh YV dQ + fVTdQ—f [@ -] -avwy + [@ - w) [avv]ar
Q Q ind (108)

w | V- {W) v [[(W]] dr+ | (U= UDAVYV - n+ VW -ndl + | VUydr,
l"l l"l) l"N

where U and ‘W are numerical fluxes of the solution, U}, and the auxiliary variable ‘W), respectively. Equation (108)
is obtained after setting the numerical fluxes of the solution as U= Up on TP and U= U, on TV, and the numerical
fluxes of the auxiliary variable on I'V as W = Uy. For schemes with global lifting operators, the auxiliary variable,
the solution, and the flux of the solution are related by

Wi = aveh, - L ([T - ]| - as (T - ) - asP (@ - wy). (109)
For compact SATs, the global lifting operators in (109) are replaced by local lifting operators, i.e.,
W, = vt -2 ([ -] ) - 257 (U - ) - 28" @ - Uy (110)
The forms of the interior facet SATs in (34) and boundary SATs in (35) are closely related to the integral terms
on the interior and boundary facets in the DG primal formulation. For example, to see how the boundary SATs and
boundary integral terms in (108) are related, integrate by parts the first term on the RHS of (108) and substitute
W = W) onI”, to obtain
R(UY, V) = f(VV (AVURAQ + f VFdQ - | V(@AVU,) - ndll
Q Q Ind
—f [[ﬂ—fuh]] VYY) + (U - U [AVV] dF+f [V]- [W) + (V) [[@]] ar (111
! r

+ (U, —UP)AVY - n - (V/lSD(‘H - Up) - ndl + V(Uy — (AVUy,) - n)dT.
ro v
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The discrete analogue of the boundary integral terms in the last line of (111) is of the same form as v,{s,’f . The structure
of the boundary SATs remains unchanged for DG fluxes based on global lifting operators due to the definition of the
global lifting operators, (7) and (9), which involve only interior facet integrals. The connection between the interface
coupling terms in the DG formulation and the interior facet SATs can be shown by discretizing the interior surface
integrals in (111), which requires discretization of the lifting operators that appear in the numerical fluxes. To find the
discrete analogues of the global lifting operator for vector functions, we first write (7) for € as

1 1
f ALy ([U]) - ZidQ = _Ef A4 [U]) - Zidl = _Ef [U,] - A Zidl'. (112)
o Il r!

Note that the sum of the lifting operators defined by (112) at an interface shared by two elements is
1 1 1
-3 f [U] - 2{ Zkdr - 5 f [Un] - AL Z,dT = - f [26] - 5 (4 Ze+ Al Z))dr = - f [24] - {2 Z}dr, (113)
Y Y Y Y

which enables (7) to be recovered upon summing over all interfaces. Neglecting truncation error, the discretization of
(112) follows as

T T T
Zxk Hy 2, k] 1 [Zx k:| |:Axx Axy] [Ryk ] |:Nx y:|
’ l=—-= ’ 7B, (Ryur — Ry u,), (114)
[Zy,k:| |: Hk:| [%,k 2 yCFI’{ Zy,k Ayx Ayy k Rz/-k N)‘,)’ Y ( Y 4 )
and thus, the x-coordinate discrete global lifting operator for vector functions, %, is given by
1 -
La==3 Z He' (AR Ny + AgRIN,, ) By (Ryct — Ryaty). (115)
ycr}

The y-coordinate discrete global lifting operator, . x, has analogues expression. For the same reason, we will state
only the x-coordinate discrete lifting operators for the other types of lifting operators presented below. The local lifting
operator for vector functions on element € and facet y € 1",’( is defined as

1
f AL ([U]) - ZidQ = 3 f[['uh]] A Zydr, (116)
[} Y
which upon discretization gives the x-coordinate local lifting operator [29]
Y | T T
Lh=-3H (AR Ny + AyRIN,, ) By (Rt — Ryt ). (117)

Applying a similar approach, we write the global lifting operator for scalar valued functions, (9), on a single element
as

L Sk ([UR] - mi) - ZidQ = —f ([U] - m) AL Zy - miedT = — Z f((uh,k —Up,) AL Zy - m dT, (118)
k rl Y

1
el

which gives the x-coordinate discrete analogue of the global lifting operator for scalar functions as,

Sk = — Z He' (ARLNLy + Ay RN, ) By (Ryaty — Ry, ). (119)

ycr}
Moreover, the discretization of the local lifting operator for scalar functions at interior facet y € Fi gives
STo=-H! (AUR;NW + Ay ngNW) B, (Rykuk - Rwuv). (120)
Finally, at Dirichlet boundary facets, the x-coordinate discrete lifting operators is given by
IB = —H! (A_,M.R;NX,y + AxyR;kNy,y) B, (Rykuk - uyk) . (121)

Before we proceed with identification of SATS pertaining to known DG methods, we state the following two lemmas
which will be useful to analyze energy stability of some of the schemes studied in the following subsections.
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Lemma 2. Let X € R™" and Y € R™" be two SPD matrices, then the inverse of the sum of the matrices satisfies
XT+Y ' oX+Y)!'>0, X'=X+Y)'>0, and Y'-X+Y)'>0, (122)
where Y > 0 indicates that Y is positive definite.

Proof. We start from the following result in [51],
X+ !T=XT=XTYX+Y)!, or X+Y) =YY IXX+Y)", (123)

and write
XT+Y ! o X+Y) ! =X+ =X+ XYX+Y) T =Y T+ XTYX+ )7 (124)

Note that X-'Y (X + Y) ! is symmetric because XTo(X+Y)'is symmetric (since the sum of two symmetric matrices
is symmetric, and the inverse of a symmetric matrix is symmetric). Furthermore, X~'Y (X +Y)~! is positive definite
because X' > 0, Y™' > 0, X+Y)™! > 0, and their product X_'Y (X + Y)~! is symmetric, i.e., we used the fact
that the product of two SPD matrices is positive definite if their product is symmetric as well. Therefore, we obtain
Y1 4 XY (X +Y)™! > 0 which implies that (124) yields the first inequality in (122). By a similar argument we can
write

XToX+) T =XT=XT+XYX+Y) ' =XYX+Y) ! >0, (125)
Yo X+ =Y =Y 4 Y XX+ =Y XX+ YY) > 0. (126)
O

Lemma 3. Given an SPD matrix X € R™" and a rectangular matrix Y € R™™ such that X = YYT we have
Ly = YIX7TY = 0, (127)
where |, is an m X m identity matrix.
Proof. Consider the singular value decomposition Y = UZ, V7, then
YIXY = Y7 (WT)‘l Y=Y (YTY)Y = (YY) (YY) (128)
= (VZ,UTUZ V) (VEruTUE, V) = (VILVT) (VIVT) = VLV, (129)

where |, is a diagonal matrix containing unity in its diagonal only up to the n-th row and column indices, i.e., up to the
-1

rank of Y. In the second equality in (128) we made use of the property (YYT) = (YYT)Jr =Y*TY* since X = YYT is

invertible. Noting that the identity matrix can be written as |,, = VI,,V7, we have

Ly = YIXYY = VI, VT = VILVT =V, - 1,) VT =0, (130)
which is the desired result. O

6.1. BRI SAT: The first method of Bassi and Rebay

The numerical fluxes for the BR1 method [52] are U= {U)} and W = {'W),}. Substituting these fluxes in (108)
and simplifying, the residual for the BR1 method becomes [2]

R(fuh,fV)z—f/lvwh~VdeQ+f(v¢dQ+f [U,] - {(AVV} + (AVU,) - [V] dT
Q Q ind
—f/lL([[(Llh]])L([[(V}])dQ+f((Llh—(LlD)/IV(V~ndF+f VYU - ndl (131)
Q rp re

+ | VASP(U, —Up) -ndT + | VUyIT.
e vy
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If the surface integrals on the RHS of the global lifting operators in (7) and (9) include all facets, then the dis-
cretization of the BR1 primal formulation gives the boundary SATs:

T(
SE WU je, Uykes W) = Z [ R;{ ng ][ _E ](Rykuhk Wyi) + Z Rka Dykuh,k_wyk)

ycl"D yCrN
Z Z RT B TyekBe (Rskuhk uek) Y Z Z RT B TyekBe (Rekuh,k - usk) (132)
yCF’ ECFD yCF’ eCFD

+ Z Z RkaykaBE (Rfkuh,k - ufk) .

D D
ycl, ecly

Furthermore, the following term must be added to the interior facet SATs given by (34),

2 Z Z BVTYGkBG(REkuh,k - ngug).

yCFD ECFI

With these terms added to the interior and boundary facet SATs, it is possible to show that the SBP-SAT discretizations
based on the primal and flux formulations of the BR1 method are identical. The BR1 SATs based on the flux formu-
lation can be found, e.g., in Theorem 6.2 of [53] by setting 8 = @ = 0 therein. The extended boundary SATs affect
adjoint consistency (and functional superconvergence) adversely, as discussed in Section 5.3; however, not including
them compromises the energy stability of the scheme. We now propose a modified BR1 type SAT that is stable but
does not have extended boundary terms.

Proposition 2. A stabilized version of the BRI type SAT is recovered if the coefficient matrices in (38) are set as

1 1 1 1
(1) (3) (2 _ (4)
T, =Ty = 7By " Ty + . Ty By, Ty =T3 = B T, =T0 = -3B» T, =T% =0,
5 _ 6) _ (5) _ (6) D) _
Tyt = Ty = 6B T, Be, T = ~Toow = 6B TysBs, TP = o B,T,B,.
vk

Moreover, the BRI SAT produces a consistent, conservative and adjoint consistent discretization.

Proof. Discretizing (131) using SBP operators and the discrete lifting operators (115) and (121), and comparing the

result with (38) yields all the coefficients in Proposition 2 except T(ylk), Tfyse)k T(ysé)v, and T(yD) which are modified for

stability reasons. Before modification these coefficients read T;lk) = (1/9B, [T}y + Ty 1By, T(y?k = (1/4)B,T,«Be,

Tii)L = (1/4)B,T,sBs, and T(yD) = B, T,,kB,, which do not lead to stable discretization according to Theorem 8. In
order to prove that the coefficients presented in Proposition 2 lead to stable discretization, we have to show that all

the conditions in Theorem 8 are met. From (97) and (98), we immediately see that the conditions on T(D ) and T(‘L) are

satisfied. Substituting T(z) T(yzv), and the modified T( )in (95) we have

1 1 1 2(1 1
B, | —Y,x+ —7Y,..|B, — BT B + — B Y, B 0. (133)
7Y [ e yvk @y Y ] Y 4 ( yvk Xy Y )

(1)

It remains to show that (96) is satisfied. In Theorem 8 we assumed T (1)

> 0 for a € {y, €1, &}, which implies that T

invertible. This is achieved by the proposed T(ylk) coefficient since T,,; > 0. Note that in (93) we have Hk "Ag > 0, and
the normals in both x and y directions cannot be zero simultaneously. Using the proposed coefficients, we have

1 1 T
(5) (D (5)
T’)’Elk (Tﬂk) Télyk = 16B TYélkBﬂ ( BEl |:aE]kT51€1k + e T515181:| BEl) 16B€1 TEleB
1 1 - 1 !
1288 Ty51k|: kTsle]k + T&Taagl] e]kay > 1288 Ty5|k|: kTslelk] Takay’ (134)

where we applied Lemma 2 in the last step. But we can write

1 -1 -1 o B
ka[a—‘rﬂe,k] Teye = NI RyeH; AkRElkNﬂk( N ReH; lAkRelkNel) N (RecHy ' AcRT N

G]k

@ PTYT [YYT]' YP, (135)
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where P = [H;lAk] ﬁgkNyk and Y = NlekRelk [H lAk] Lemma 3 implies (I = YT[YY7]7'Y) > 0, which gives

1 B 1 -
a'elkPTIP - T’}/Elk [Q_Tflelk] Tflyk = aelkTyyk - Tyelk [Q_Telelk] Tel)/k > 0. (136)
€] €]
Since 0 < aqr < 1, Tyy, > 0, and T, > 0, we write
1 1 1 B
[a_ﬂTyyk + @y Tyyv} - Tyelk [ZTelelk] Telyk = O, (137)

which, together with (134), yields the inequality

1 - o 1
(%) (OA N ()
Therefore,
1
(1) (5) (1) (5) (1)
T 64ka(Tﬂk) 7O =T ——B [ o Tt o W]B =0, (139)

which is the result required for (96) to hold. Note that the same analysis can be done for any combination of facets
a,b € {y, €1, &}, in (96). Finally, from Theorems 2 to 4 it can easily be seen that the BR1 SAT satisfies all the conditions
required for consistency, conservation, and adjoint consistency. 0

Remark 6. The proposed interior facet BRI SAT is equivalent to the consistent method of Brezzi et al. [54], the
modified BRI method in [55], the stabilized central flux in [56], and the penalty approach in [57] in the sense that all

of these methods can be reproduced by considering o'lT;Ik), a’sTfyse)k, and o-DTg,D) in Proposition 2 for oy, 05,0 p > 0.

Remark 7. Assuming the source term is zero, it can be shown that the continuous energy estimate satisfies [36]

1d —~ —
za”ﬂhﬂz = R(Uy, Up) < Z f(u [Wi] + W - [U] - [UW,]dL. (140)

ycr Y7
Substituting the BRI fluxes into (140) and using the identity
(U [Wi] + W) - [U] - [UWR] =0 (141)

gives d/dt(|ULI?) < 0, which establishes the energy stability of the BRI method for diffusion problems. A discrete
energy stability analysis of the SBP-SAT discretization based on the flux formulation leads to a similar conclusion.
Such a proof follows the same technique used to show the entropy stability of the LDG method in [53] (see, proof
of Theorem 6.2 therein). If the BRI SAT is applied only on the interior facets, however, the identity (141) cannot be
applied, and the energy stability of the discretization is compromised unless the SAT coefficients are modified, e.g., as
in Proposition 2. Exceptions apply when the BRI and LDG SATs are implemented with the SBP diagonal-E operators
for which all the extended SATs vanish (see, Section 7.1). In this case, the discrete form of (141) can be used to show
the energy stability of the SBP-SAT discretization based on the flux formulation, which yields the same discretization
as the primal formulation when implemented with the SBP diagonal-E operators.

6.2. LDG SAT: The local discontinuous Galerkin method

The LDG scheme [13] is obtained by choosing the DG numerical fluxes as U= {U,} - B - [Up] and W =
(W} +B[W,] —uh™" [U,] on interior facets, and ‘W = W), — uh™ (U, — Up)n on TP [2, 33]. The switch function,
B, is defined on each interface as

1
B= E(ﬂyk”k +Byn,), (142)

where S, 8, € {0, 1} are switches defined for { and Q, at their shared interface. Furthermore, the switches satisfy

ﬁyk"'ﬁyv =1 (143)
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The values of the switches are set to zero at boundary facets, i.e., Byx = B,, = 0 fory C I'2. For interior facets, the
values are determined based on the sign of the dot product n - g, where g is an arbitrary global vector [58], i.e.,

1 ifm-g>0,
Bu=1{. & (144)
0 ifnm-g<0.

Although it is possible to use other vectors as switch functions, the form in (142) is necessary to avoid wider stencil
width [33, 58]. For instance, if we set 8 = 0 and u = 0, we recover the BR1 fluxes. On curved elements, the normal
vector varies along the facets; hence, 3,4 is not constant in general. This leads to cases where Assumption 2 does not
hold; particularly, T(ylk) + (T(ylk))T, T;‘?k # (Tfa)k)T, be)k # (T;}Z)k)T. Additionally, it increases the number of elements that
are coupled, resulting in a denser system matrix. To remedy this, we calculate 8, using straight facets in 2D (or flat
facets in 3D) regardless of whether or not the physical elements are curved.

Substituting the numerical fluxes in (108) and simplifying, the residual of the LDG method reads
R (U, V) = - fg AVU, - VYV dQ + L VF dQ + fr U] -V} + [V] AV} T

+ fr B U] [AVV] + [AVU] B [V] T - uh™! fr V- [w]ar

- L [L(VD)+SB-[VD]- [AL[U]) + AS (B - [Uh])]dQ — ph™ j; V(U - Up)dl

+ (U, —(LID)/lV‘V-ndl"+f V@AVU,) - ndl + VASP (U, —fLID)-ndF+f VUydD.
> > > v
(145)
The boundary terms resulting from the discretization of (145) are different from the LDG boundary coupling terms
obtained using global lifting operators defined on all interfaces. We have also used —uh ™! frD V(U — Up)dI as the

boundary stabilizing term instead of —uh~! J;D VU, dI'. If these changes are not applied, the LDG boundary SATs
would include extended stencil terms, i.e.,

T(D)
SE (U Ui, Wyi) = Z [ R), DI ][ _B. | Ryittng —uy) + Z RB, (Dykuh,k _wyk)
ycrp 4 ycIv
+1+'Byk_'8wZZRTBT B (Rettins — RT.B, T, B (Rettns —
f vk Py L yekPe ekUh.k usk)+ Z Z vk Py L yek 5( kU k uek)
yCl"]’( eCl",’() ycI’ f ECl"f

1 +ﬂ k _ﬁ v _
- # Z Z Rz:vByTyekBe (Rekuh,k - ufk) + ﬂh IRZ,"kByuh,ks
ycI} ecTy
(146)

where T

w = ByTyBy. Moreover, the term

% Z Z sz;kByTyekBg (Rekuh’k - Regug)'

D i
ycIy ecly,

must be added to the interior facet SATs given by (34). Similar to the unmodified BR1 SAT, it can be shown that the
unmodified LDG SAT based on the primal and flux formulations are the same. As explained in Remark 7, the LDG
SAT written in flux formulation is energy stable (even when u = 0); hence, it follows that the unmodified LDG SAT
based on the primal formulation is energy stable. The penalty coefficients corresponding to the interior LDG SATs can

be obtained by discretizing (145) and comparing the result with (38). The coefficients T(yzk), T(yzv), T(y3k), T(73V), T(;;) and Tf/?
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are the same as those presented in Proposition 3 below. The rest of the coefficients are

T, B, +uh'B,,

2 2
L+ (Biy = Buy) +2(Bry = Boy) L+ (Biy = Bry) = 2(Biy = Boy)
,,[ Yyr +

vk YV 4 yyk 4
1+ By = By | [1+ Bet = Bes |
5 _ 6 _ [ Y 4 g
Tyek - _Tyek - 4 B, TyexBe, (147)
Byk _ﬁw -1](1 +B§v _lgéq
Ti’éé)v = _T§/5(5)v = [ ]4[ ]B’YT)’&’B(S’

(D) _ -1
T =B, YyuB, + uh™'B,.

As expected, the coefficients in (147) are identical to the unmodified BR1 SAT when B and u are set to zero. For mesh
independent SAT penalties, i.e., u = 0, the coefficients in (147) do not guarantee energy stability. To see this, consider
the case where 8, = 1 and 3,, = O; the stability requirement in (95) demands positive semidefiniteness of

1 1 2
(D (2 (2 2 2| =
Tyk -2 a,_Tyk kaTyk + —T(w) vaTEyv) ) =By Ty)nBy — —B,Ty,B,.
vk Tyy Ayk

However, this cannot be achieved since 0 < a,x < 1. It is also clear from (97) that T;D) is not large enough to ensure
energy stability. To remedy this, we propose a stabilized form of the LDG scheme that does not have a mesh dependent
stability parameter.

Proposition 3. A consistent, conservative, adjoint consistent, and stable LDG type SAT with no mesh dependent
stabilization parameter, i.e., u = 0, is obtained if the penalty coefficients in (38) are chosen such that

By + 1 y = +1 1
T =T = By[ﬁ " f vt Loy o PP ‘Y’wv]By, TP = —B,T,uB,. T4 =TW =0,
vk @yy Ayk
1+ Byt = By [1+ Bet = Beg Bow —PBog — 1 By —Bop + 1
S _ 106 _ [ 4 4 8 (2) _ Py vk (3) _ Pw vk
Tyek - _Tyek - B, TyekBe. Tyk - B, Tyk - B,
16 2 2
,Byk_lgyv_l 1+186v_ﬁ5q Bk_ﬁv_l ﬂk_ﬁv+1
Tfyﬁa)v = _TE/SE)V = [ 1 6[ ]BYTWVB& T(yzv) == 27 By, T(y3v) == 2y B,.

Proof. The proofs for consistency, conservation, and adjoint consistency are straightforward. Moreover, the stiffness
matrix arising from the discretization is symmetric since T;Sk) - Tfyzk) = B,. We see that the energy stability conditions in
(97) and (98) are met. It remains to show that the coefficients satisfy the energy stability requirements in (95) and (96).
Note that if either or both 8,,, = 1 and B, = 1 then O =79 0, and the scheme is stable since (95) is satisfied, i.e.,

yek eyk
10 _ (L qorp T(2>+—1 TOy  TO|= 2 B,Y,,,B _2 B,T,,,B, =0 148
yk Qo VYR Lk w rywlig | = y Lyy Py y fyyBPy = U (148)
vk Qyy Ay Ay

Thus, we only need to consider the case where B, = B = 1, which gives T(yse)k = (1/4)B,T,aBe, 70 = (1/4)BY 1B,

eyk
and T(e:,)( = (2/aqk)Be TeqkBe, - Hence, we have
TV -2 iT‘”‘rwkT@ + LT@)TWT(Z) = iBykaBy - iBﬂ'kay =0. (149)
vk ayk vk vk @y v yv @yk ayk
Furthermore, we find

. 1 2 - 1 1
T(S) (T(;I)c) T(S) = _BVT)’flkal [(TBE] Tf]flkal] BSITEW/CBY = B,T k[a_

-1
= ; Year| TouB,, (150
verk ervk 16 ak 32 y Lye » 1 1k] vkBy ( )

but, as in (136), application of Lemma 3 yields aLkaVVk - Tyq k[fllk‘rfl akl ™ Teyk > 0, which implies that

& (O ) 1 1
To(Tar) Taye s 3—257[0[—7](%] B,. (151)
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The last condition, (96), that we need to show for energy stability follows as

(1 (5) MY+ (1 1 —
T 64T (TO) T =T') 2B, [Q—Yk'rwk} B, = 0. (152)
Therefore, the LDG SAT coefficients in Proposition 3 lead to an energy stable SBP-SAT discretization. O

6.3. CDG SAT: The compact discontinuous Galerkin method

The CDG method [33] has similar numerical fluxes as the LDG scheme, but uses local instead of global lifting
operators. More precisely, the numerical fluxes for the CDG method are U = (U, - B - [U,] and W = {’M/Z} +
B[ W] - uh™ [U,] on interior facets, and W= W) — uh™ (U, — Up)n on TP [33]. For this reason, the residual of
the CDG method can be obtained from (145) by replacing the global lifting operators by the corresponding local lifting
operators. The implication of this on the SBP-SAT discretization is the nullification of SAT coefficients that lead to
extended stencils.

Proposition 4. A consistent, conservative, adjoint consistent, and energy stable version of the CDG scheme with no
mesh dependent stabilization parameter, i.e., u = 0, has the SAT coefficients

1 IBk_Bv+1 IBV_,Bk+1 ﬂv_:Bk+1

(D _ () _ Y Y Y 4 3) _ Py 24 @) _ 14 _
T =T =3B, 4 S B, T =""—2"—B, Ty=TV-=0,

@ _ By =Bu—1 @) _ Byk =By +1 G) _ 6 _
T =B, T =B, T =T =0,

5 By =By -1 1 © _ 1
T;v) = - 5 By, TEyD) = Q_ByTyyk B, Tyav = Tyév =0.

vk

Proof. The proofs for consistency, conservation, and adjoint consistency are straightforward. Energy stability follows
if we can show that (95) holds (note that (97) is satisfied). If 8,4 = 1 then 8,, = 0, and

1 1 1 1
(1) (2) (2) 2 2| _ _
Ti— (a_ykTyk Ty T + Q—WT(%?TWT(W) = a—kaykaBy - a—kaykaBy =0. (153)
.. . _ _ a _ @) 2) (2) )y _
Similarly, if 8,, = 1 then 8,; = 0, and we have Tyk (@ /ayk)Tyk TYVkTyk + (1/a,,) T3, 7., Ty)) = 0. Hence, the
stability condition in (95) is satisfied. ]

The SAT coefficients in Proposition 4, except for T(ylk) and T(yD ), are found by discretizing the residual resulting from

the CDG method and comparing the result with (38). The coefficients T(ylk) and T;D) for the original CDG method are the
same as those stated in (147). Similar SAT coefficients for the CDG method are proposed in [30], where the stability
issue with the original CDG method is discussed. In [59], numerical studies revealed that the original CDG method
can be unstable for variable coefficient diffusion problems and for discretizations on quadrilateral grids.

Remark 8. As noted in [33], the LDG SAT and CDG SAT are identical in one space dimension. To see this, consider
an arbitrary global vector, g, pointing to the right and two elements ordered from left to right, Q; and Q,, respectively;
then By = 1, By, = 0, and Bex = 0. These values of the switches nullify all TS and T® SAT coefficients which cast the

LDG SAT stable with (1/ 2)Tfylk) in Proposition 3, thus the CDG SAT and LDG SAT become identical.

6.4. BO SAT: The Baumann-Oden method
Unlike the schemes presented so far, the BO method [12] leads to neither a symmetric stiffness matrix nor an adjoint

consistent discretization. The numerical fluxes for the BO method are U = {U} + n - [U,], and W = {AVU} 2], and
the residual is given by

R(Up, V) = f AVLU), - YV dQ + f VF dQ - f [U] - (AVV) = [V] - {(AVU,) dT — f Uy — Up)AVYV - ndl
Q Q I o
+ f V@AVUy,) - ndl + VASP (U, - Up) - ndl + VUydT. (154)
ro re ry

Discretization of (154) and comparison with (38) gives all of the SAT coefficients in Proposition 5 below, except for
T(yD) which is modified for stability reasons. The coefficient 1/ay in T;D) does not appear in the original BO method.
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Proposition 5. The BO method is reproduced if the SAT coefficients in (38) are chosen such that

1
M _ 7 _ @ _T70 _ 2 @ _ 1@ _
Tyk =T,/ =0, Tyk =T, = 287, Tyk =T,/ =0,
1 1
(02) R G703 _ 2 S _ 70 _ 176 _ 706 _
T, = ay}( B,Y,,«B,, Tyk =T,) = 2By, Tyek = Tyek = Ty&, = Tyév =0,

and the discretization arising from using these coefficients is consistent, conservative, and energy stable.

Proof. Tt can easily be verified that the SAT coeflicients satisfy the conditions for consistency and conservation. The
proof for energy stability follows from Theorem 7. 0

6.5. CNG SAT: The Carpenter-Nordstrom-Gottlieb method

The CNG SAT [9] was introduced to resolve the multi-domain problem in high-order finite difference methods.
Although it was originally presented for advection-diffusion problems, in this work we consider the CNG SAT coeffi-
cients that couple the diffusive terms only. The CNG SAT coefficients for multidimensional SBP operators are stated
in Proposition 6 below (see [9, 11, 60] for analogous coefficients in one-dimensional implementations).

Proposition 6. The CNG SAT leads to consistent, conservative, and energy stable discretization, and has the coeffi-

cients
1 1 1 1 1
TO=TD = —B | —T,p+ —Tpp|B,, TO=T®=2-B, T®=_—BrT,,B,,
Yk v 167 i Yk @y yyv | Py Yk LA Tat ¥ i y LyykBy
5 _ 70 _ 706 _ 176 _ @ _ 702 _ @) _ 1@ _
Tyfk = Tyek = Tyﬁv = Tyév =0, Tyk = Tw =0, Tyk = TW =0.

Proof. Substituting the SAT coeflicients in (41) and evaluating 2Ry, (uy,, uy,) = Ry(uy, up) + RZ(uh, uy), stability follows
if A+ AT > 0, where A is given by (94) (with T;zk) = T(yzv) = 0). From Theorem 6, A + AT is positive semidefinite if

O (1 . N .
I R e [P e [ s e o
_2T7k 2Tyk 5By,Cy  —5B,C,, 0 2a,,A;, EC;BV _Ecszy

which, after simplification, gives
1 -1 ) 1 1
[ 11 } ® (2Tyk -B, [%ka + _80zyk Ty [By] = 0. (156)

The stability constraint T(ylk) > B,[1/(16ay) Ty + 1/(16a,,)Y,,,1B, is, therefore, satisfied by the proposed SAT

coefficient. The stability constraint on T(VD) is the same as the other methods presented earlier. Finally, it follows from
Theorems 2 and 3 that the coefficients in Proposition 6 lead to consistent and conservative discretizations. O

Table 1 summarizes the SAT coefficients corresponding to eight different methods. The coefficients for BR2 and
SIPG were first presented in [29], and the analysis therein shows that the methods lead to consistent, conservative, ad-
joint consistent, and energy stable discretizations. The nonsymmetric interior penalty Galerkin (NIPG) SAT is obtained
by modifying T;lk) and T;D) in Proposition 5, and it leads to consistent, conservative, and energy stable discretizations.

For the implementations of the SATs in Table 1, we used the facet weight parameter, @, provided in [29],

Aly) . I
_ JAa)2Aa(ry)’ ifyel, 157
=N __220) e oD (157
Ap2ap)y LY S

where A(y) computes the length of facet y in 2D (and area of y in 3D). Moreover, for the LDG and CDG SATsS, we set
the arbitrary global vector in (144) as g = [, e]”.
7. Practical issues

In addition to the properties presented in Section 5, one needs to consider a few practical issues when deciding
which type of SAT to use. In this section, we investigate the relation between the SATs when applied with SBP
diagonal-E operators and quantify the sparsity of the system matrix arising from different SBP-SAT discretizations.
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Table 1: Interior facet SAT coeflicients for diffusion problems. In the cases where only one entry is provided, the two coeflicients in the column
p y Yy 1s p!
heading are equal, e.g., for the BR1 SAT, we have T(yzk) = T;%) = —%By. All the SATSs considered have T;? = Tg,? =0.

(D 7 2) 7@ 3) 73 (5)  T(6)
SAT Tyk, T, Tyk , Ty Tyk , T Tyfk, T’yév
T = LB, T,qB
1 1 1 1 1 yek 16 Y T yek=e
BR1 587 [@ka + a'ryyv] By _EBY EB}/ T(G) = LB Y.s.B
yov 16 —v ~ yovo
1 1 1 1 1
BR2 ZB7 [a‘ryyk + m‘ryw] By _EB“/ fBV 0
T bouhi
SIPG (/lmokni; Ryt 16 GBS RHy 2 13 -1B, B, 0
@k 4ayy Y
Byv—Byr—1 (3) Byv=Bykt1 5) _ [1+ﬁyk_ﬁyv][1+ﬁek—ﬂeg]
T<2) — PrPyl B T = "B T =Ll T TRIBY kB
Byk—Byv+1 Byv=Byik+1 vk 2 Y vk 2 y yek 16 y 1 yekPe
LDG B[”Tk+77T]B
Y an Yy ay yyv | Py

(2) _ By=By—! (3) _ By=Byt! 6 By —Byv—1][ 14858,
TR = bielg | 7O = ahntlg | qO WBYTW&

Y yov

2) _ By=Byk—1 3) _ ByByk+l!
Ty = 2y 87 T = 27 87

Byk—Byv+1 Byv=Byk+1 k k

CDG lB[”Tk+’VT]B 4 v 0
2°Y Ayk Yy ayy YwlEY 2 Byx—Byv—1 3 Byx—Byv+1

b 7! Tg/v) — Pk 27 B Tg/v) — Py 27 B

Y Y

1 1
BO 0 5By 5By 0
1 -1 1 1
NIPG | (tmax)lB? RyeH, 213 4 ma)lB] Ry, 213 B 1B, 1B, 0
dayy 4ayy Y
1 1 1 1
CNG 16 By m Tyyk + a Tyyv By 0 3 By 0

Note: The Dirichlet boundary SAT coefficient is given by T(yD ) =1 /ey B, Y, B, for all the SATs except for the SIPG and NIPG
1 _1
SATsS for which T(VD ) = (Amai /@y || By RyeH, ||§ B,, where (Amax)x is the largest eigenvalue of Ay.

(a) R® (SBP-E), p =2 (b) R*! (SBP-I'), p =2 (¢) R? (SBP-Q), p =2

Figure 2: Examples of degree two SBP operators in the R%, R¢~!, and R? families on the reference triangle. The circles indicate locations of volume
nodes, and the squares indicate locations of facet quadrature nodes.

7.1. Equivalence of SATs for diagonal-norm R® SBP operators

Classification of SBP operators based on the dimensions spanned by the extrapolation matrix generalizes the SBP
operator families introduced in [26, 27]. The SBP-Q operators [26], which fall under the R? SBP family, are character-
ized by having no volume nodes on element facets, e.g., the Legendre-Gauss (LG) operator. In general, however, the
R? operator family allows volume nodes to be positioned on element facets as long as the R matrix spans d dimensions
[28]. SBP-T" [25, 26] operators require (” ;ﬁl) volume nodes on each facet that are not collocated with facet quadrature
nodes. In contrast, the R%-! family allows more volume nodes per facet; hence, it includes operators that cannot be
categorized under the SBP-I" family. SBP operators that have collocated volume and facet nodes on each facet, e.g.,
Legendre-Gauss-Lobatto (LGL), are classified under the SBP diagonal-E [27] family which is equivalent to the R SBP
family. Examples of two-dimensional SBP operators in the R?, R?~!, and R? families are depicted in Fig. 2.

For diagonal-norm R® SBP operators, the matrix (', defined in (93), exhibits an interesting property. In particular,
it vanishes if a # b, where a,b € {y, €|, €,01,0,}. Note that for this operator family, the extrapolation matrix simply
picks out the volume nodes that are collocated with facet quadrature nodes, i.e.,

1 ifi+(-Dny=]
R =4 07 Or= Dy = (158)
ij 0 ifi+ (- Dns+}j
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where n € {1,2, 3} is the facet number, i € {1,...,ns}, and j € {1,...,n,}. Therefore, we have

n, n, np
[RyeH AckREDi5 = D D RyudinlHE Ak lmlREhj = D [RyilimlHe ' Aceklum Rl im = 0, (159)
m=1 n=1 m=1

where the penultimate equality is a result of the fact that H;lex,k is diagonal and [RETl edmj = [Rekljm- The last equality

holds since R,; and R do not contain 1 in the same column index, as v and € have different facet numbers. This
implies that for the R® operator family with diagonal norm matrix, [yq; = N;{Rka;lAkRg Nex = 0, and more
generally

Yupk = NLRGHI AR Ny =0 if a # b, where a,b € {y, €, €,01,8). (160)

Hence, the coefficients T® and T for BR1 SAT in Proposition 2 and LDG SAT in Proposition 3 vanish. We, therefore,
have proven the following statement.

Theorem 9. When implemented with diagonal-norm R® SBP operators, the BRI, BR2 and SIPG SATs are equivalent
in the sense that they can be reproduced by considering 0'1T(ylk) and a'DT(yD) in Proposition 2 for 01,0 p > 0. Similarly,
the LDG and CDG SATs are equivalent for this family of operators.

The equivalence of the SIPG SAT and BR2 SAT is established in [29]. Similarly, it is shown in [61] that the BR1
and SIPG methods are equivalent when the discretization is restricted to the LGL nodal points, and the LGL quadrature
is used to approximate integrals. In the same paper, this property is exploited to find a sharper estimate of the minimum
penalty coefficient for stability of the SIPG method. Gassner et al. [36] reported that most drawbacks of the BR1
method are not observed when the Navier-Stokes equations are solved using DG discretization with LGL nodal points
and quadrature. Since discretizations with LGL nodal point and quadrature satisfy the SBP property [3, 5, 24] and
the operator is in the diagonal-norm R® family, for one-dimensional implementations, the flux used in [36] can also
be regarded as the BR2 SAT implemented with Tf/lk) = (1/4)B,[ T,y + T, 1B, and T;D) = B,T,,kB, (or with the
stabilization parameter for the BR2 flux set to 79 = 1 in [2]). For tensor-product implementations of the LGL operators
in multiple dimensions, it can be shown, using the structure of the extrapolation matrices as in (159), that the BR1 SAT
is not equivalent to the BR2 SAT. Despite this, when coupled with the BR1 SAT, the LGL operators lead to a smaller
stencil width compared to operators that do not have nodes at the boundaries.

diagonal-norm SBP operators in the R? family have also found important application in nonlinear stability analyses.
They simplify entropy stability analyses [37, 38, 53], and are computationally less expensive than operators in the R?
family on conforming grids [62, 63]. However, they exhibit lower solution accuracy and have a larger number of
degrees of freedom compared to operators of the same degree in the R? SBP family [53].

Remark 9. When implemented with the diagonal-norm R® SBP operators, the BRI and LDG SATs are stable with the
T(y]k) coefficients specified for the BR2 and CDG SATs in Table 1, respectively. If such a modification is applied, then the
BRI and BR2 SATs as well as the LDG and CDG SATs become identical. We have not implemented this modification
for the numerical results presented in Section 8.

7.2. Sparsity and storage requirements

It is desirable to reduce the number of nonzero entries of the matrix resulting from a spatial discretization of (12)
to minimize storage requirements and take advantage of efficient sparse matrix algorithms for implicit time-marching
methods. More generally, fewer nonzero entries lead to fewer floating point operations, and thus lower computational
cost. The sparsity of a matrix is equal to one minus the density of the matrix, which is defined as the ratio of the number
of nonzero entries to the total number of entries.

The linear system of equations resulting from the SBP-SAT discretization on the RHS of (33) is assembled in a
global system matrix. This matrix is equivalent to the product of the inverse of the global mass matrix and the global
stiffness matrix in the DG framework. An estimate of the number of nonzero entries of the system matrix depends
on the type of SBP operator and SAT used. We first note that it has diagonal blocks of size nﬁ associated with each
element in the domain. Furthermore, for SBP-Q operators the R matrix is dense since it spans d dimensions. Therefore,

the number of nonzero entries of the off-diagonal block matrices containing terms such as R;kT(ylk) R,, are dense, i.e.,

they contain nf, nonzero entries. Assuming simplices are used to tessellate the domain, each element has at most d + 1

immediate neighbors. Thus, we can write an upper bound on the number of nonzero entries of the system matrix arising
from the use of SBP-Q operators and any of the compact SATs as

nnz = ne (n? + (d + D) = (d + 2)nln,, (161)
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Table 2: Estimates of the number of nonzero entries of system matrices resulting from different SBP-SAT discretizations of (164). For LDG and
CDG SATs, straight-edged elements are used. If d = 1, the estimates for the SBP-E family apply for operators that have volume nodes on their
facets, and the estimates for LDG SAT should be replaced by those presented for CDG SAT. The operators [-] and |-] denote the ceiling and floor
functions, respectively.

SAT SBP-Q SBP-T SBP-E
BRI (d+2d+9m2n, | [n2+(d+ D)Q@nyns—n2) + (@ +d)n?|n, |72 + @+ D@nyny —n2)|n,
ﬁg,zﬁ}fg’ d+2)nn, [nf, +(d+ 1)(2nyn; - n§)] n, [nf, +(d+ 1)(2nyn, - n§)] n,
CDG, CNG (d +2)nyn, [n]z, +(d+ l)npnf] T, [n,z, +(d+ l)npnf] T,
oG [2] @+ 2 n2 +(d + Dnpny|n, (2 + (d + Dy | .

+lad @+ | H[@+ D)= [75]d+ D) -] 24| @+2)]n ’ "

where nnz denotes the number of nonzero entries. When SBP-Q operators are implemented with the BR1 SAT, each
element is coupled with d* + 2d + 1 elements. Therefore, we have

nnz = n, (n) + (d* +2d + )n}) = (d* +2d + 2)n}n,. (162)

For the LDG SAT, the number of elements coupled with a target element depends on the switch function. The
choice of B in (142) and (144) ensures that there is no element for which all switches point inwards or outwards
simultaneously [58]. Using this fact with the expressions for Tfyse)k and T(y%)v in Proposition 3, it can be shown that the
maximum number of elements coupled with a target element by the LDG SAT is d*> + 1. Moreover, for every element
coupled with ¢ + 1 neighbors there are d number of neighbors that will be coupled with less than d* + 1 elements when
d > 1. Therefore, the number of elements that can have d? + 1 neighbors is limited to [n./(d + 1)], where [-] denotes
the ceiling operator. Thus, an upper estimate of the number of nonzero entries of the system matrix resulting from the

LDG SAT implemented with SBP-Q operator is given by

n.d
d+1

n.d

d+1

e

d+1

e

d+1

] (d +2)m, +

(d2+1)n[2)=“ ](d2+2)+

nnz = [ J(d2 + 1)] n, (163)
where | -] denotes the floor operator. We used affine mapping (or straight-edged elements) to obtain (163); otherwise,
the LDG SATs may result in more nonzero entries than the estimate in (163) since the switch function 8 varies along
curved facets.

Since the R matrix spans d — 1 dimensions for SBP-I" operators, it has ny nonzero columns. Therefore, for im-
plementations with SBP-I" operators, blocks containing terms such as ngT(yzk) Ry« have ny nonzero columns. Similarly,

blocks containing terms such as R;kT(;k) D, have ny nonzero rows. Thus, the sum ngT(fk) Ryx+ ngT(;}() D, has Z”P"f_”,zf

nonzero entries. Identifying the structure of terms in blocks of the system matrix in a similar manner and using the
number of coupled elements, we calculate upper estimates of the number of nonzero entries for different SBP-SAT
discretizations of the Poisson problem. The estimates obtained are shown in Table 2; similar results for DG imple-
mentation of the BR2 and CDG fluxes are presented in [33]. In deriving the estimates, we assumed that all elements
in the domain are interior; consequently, the number of nonzero entries is overestimated. This assumption, however,
implies that the estimates in Table 2 get better with an increasing ratio of the number of interior to number of boundary
elements in the domain.

From Table 2 it can be deduced that the BR1 SAT yields the largest number of nonzero entries for a given type of
SBP operator. In contrast, the CDG and CNG SATs give the smallest number of nonzero entries. While it is fairly easy
to rank the SAT's based on the number of nonzero entries they produce for a given type of operator, such a comparison
involving different types of SBP operator is not straightforward due to varying number of volume nodes, 7,,.
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8. Numerical results

To verify the theoretical analyses presented in the previous sections, we consider the two-dimensional Poisson
problem
-V-(AVU)=F inQ =10,20] x [-5,5],
n-(AVU) = Uy onFN:{(x,y):ye[—S,S],x:ZO}, (164)
U=Up onT?=T\T",
where A = [4";1 yzi . ] and the source term and boundary conditions are determined via the method of manufactured
solution, i.e., we choose the exact solution to be

U= sin(%x) sin(gy), (165)

and evaluate 7, Uy, Up from (164). Similarly, we specify the exact adjoint solution as
Y=x+y (166)
and evaluate the source term and boundary conditions associated with the adjoint problem from

-V-Vy) =G inQ=1[0,20] x[-5,5],
n-(AVy) =gy onTV ={(x,y):y€[-5,5],x =20}, (167)
Y =y¢p onI”=T\I'V.

Finally, a linear functional of the form’ (16), i.e.,

I(ﬂ)zfgﬂdﬁ—f 1//D(/1V71)-ndr+f YyyUdr,
Q ro v

is considered. Since we know the primal solution, the adjoint, the boundary conditions, and the source terms, the linear
functional can be evaluated exactly, and its value, accurate to fifteen significant figures, is 7(U) = —27.0912595377575.
The physical domain is tessellated with triangular elements, and the a-optimized Lagrange interpolation nodes on

the reference element are mapped through an affine mapping to the physical elements. Then the triangular elements
are curved by perturbing the coordinates of the a-optimized Lagrange interpolation nodes, x4 and y; ,, using the
functions [62]

L 5 b b 3r . 5 . (7. /s

Xp=xpx+ 7 Cos (Z_OxL’k - E)COS(I_OyL’k)’ Ye=Yoit 3 sin (gxk - 27r) cos (l_OyL‘k)' (168)
The mesh Jacobian remain positive for each element under the curvilinear transformation. Examples of curvilinear
grids with degree two SBP-I" and SBP-Q operators are shown in Fig. 3. A mapping degree of two is used for all
numerical results presented. In all cases, the numerical solutions are obtained by solving the discrete equations using a
direct method; specifically, the “spsolve” function from the SciPy sparse linear algebra library in Python is used.

8.1. Accuracy

The errors in the primal and adjoint solutions are computed, respectively, as

lly — ully = \/ Z (ng = we) He (e —me), [l =, = Z (Wi = w0) He (w0 — 1), (169)

NeT) QeTh

and the functional error is calculated as |I,(u;,) — 7 (U)|. To study the accuracy and convergence properties of the primal
solution, adjoint solution, and functional under mesh refinement, we consider four successively refined grids with 68,
272, 1088, 4352 elements. The nominal element size is calculated as i = 20/ /n,.

"Note that yp and ¢y are evaluated from , but usually there is no need to know the adjoint solution. Thus, the functional simply contains U/ as
an unknown, and the values of ¥/p and ¥y are given as coefficients or functions in the expression for the functional.
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(a) SBP-T operator, p = 2, pmap =2 (b) SBP-Q operator, p = 2, pmap = 2

Figure 3: Physical domain tessellated with 68 curved triangular elements. The circles and squares indicate, respectively, the locations of volume
nodes and facet quadrature points obtained with a degree two curvilinear mapping, and the lines define the facets of each element due to the
perturbation given by (168).

Figure 4 shows the solution errors and convergence rates under mesh refinement for six types of SAT implemented
with three types of SBP operators. Schemes with the BR1, BR2, LDG, and CDG SATs display solution convergence
rates of p + 1 and achieve very similar solution error values. In contrast, schemes with the BO and CNG SATs exhibit
an even-odd convergence phenomenon; schemes with odd degree SBP operators converge at rates of p + 1 while those
with even degree operators converge at reduced rates of p. The even-odd convergence property of the BO method is
well-known, e.g., see [11, 64, 65]. Furthermore, schemes with the BO SAT exhibit the largest solution error values in
almost all cases considered (except for the case with degree three SBP diagonal-E operator).

Numerical experiments in the literature with odd degree, one-dimensional operators show that the BR1 flux results
in suboptimal solution convergence rate of p [40, 56, 64, 65]. However, as can be seen from Fig. 4, this characteristic is
not observed when the BR1 SAT is implemented with SBP operators on unstructured triangular meshes. For the BR1
and LDG SATs, if T(ylk) and T(yD ) are not modified and the extended boundary SATsS are not included, then discretizations
with the SBP-Q and SBP-T" operators produce system matrices that have eigenvalues with positive real parts. For the
unmodified® BR1 and LDG SATs, which include extended boundary SATS, positive eigenvalues are not produced with
all types of the SBP operators. Despite being stable, however, functional superconvergence is not observed for the
unmodified BR1 and LDG SATs except when used with the SBP diagonal-E operators. As noted in Section 7.1, when
used with SBP diagonal-E operators, the BR1 and LDG SATs (both modified and unmodified) have compact stencil
width, and they are adjoint consistent for problems with non-homogeneous Dirichlet boundary conditions. When the
unmodified LDG SAT is implemented with ¢ = 0, suboptimal solution convergence rates are observed for some of
the cases; hence, we implemented the unmodified LDG SAT with T(yllz) = 3B, T,,xB,, which corresponds to a nonzero
value of u at Dirichlet boundary facets. It can be seen from Fig. 4 that the unmodified BR1 and LDG SATs lead to
solution convergence rates of p + 1.

Figure 5 shows the errors produced by the three types of SBP operator when implemented with the BR1 and BO
SATs. In general, solution error is not very sensitive to the type of SBP operator used except in a few cases, e.g., the
cases where the degree three SBP diagonal-E operator is implemented with SATs other than the BO SAT. Except for
the BO SAT, all of the other SATs show very similar solution error convergence behavior as that of the BR1 SAT.

The errors and convergence rates of the adjoint solution under mesh refinement are presented in Fig. 6. All of the
adjoint consistent SATs lead to schemes that converge to the exact adjoint at a rate of p + 1 or larger. In contrast,
schemes with the BO and CNG SATs have error values of O(1). Similar properties as with the primal solution are
observed regarding the sensitivity of the adjoint error values to the type of SBP operator used.

Functional errors and convergence rates are displayed in Fig. 7. As expected, functional superconvergence rates of
2p are observed for schemes with primal and adjoint consistent SATs. The adjoint inconsistent SATs, BO and CNG,
do not display functional superconvergence rates of 2p. While the adjoint consistent schemes achieve comparable
functional error values, the CNG SAT outperforms the BO SAT in this regard in most cases.

8The unmodified BR1 and LDG SATs are denoted by BR1* and LDG*, respectively, in all figures and tables. If used without a qualifier, the
names BR1 and LDG refer to the modified versions of the BR1 and LDG SATs.
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Figure 4: Solution error under grid refinement. Solution convergence rates (shown in parenthesis) are calculated by fitting a line through the last
three error values on the refined meshes. The BR1* and LDG* SATs represent the unmodified BR1 and LDG SATs, which are implemented with
the SBP diagonal-E operators only.
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Figure 5: Variation of solution error under grid refinement with respect to three types of SBP operators. Slopes corresponding to p + 1 convergence
rates are shown by short, thin lines.

8.2. Eigenspectra

The maximum time step that can be used with explicit time-marching schemes depends on the spectral radius of
the system matrix. Figure 8 shows the eigenspectra of the system matrices arising from the SBP-SAT discretizations of
(164). While the BO and CNG SATsSs produce eigenvalues with imaginary parts, all of the adjoint consistent SATs have
eigenvalues on the negative real axis. The BO SAT leads to the smallest spectral radius, p, except when used with SBP
diagonal-E operators. SBP diagonal-E operators achieve their smallest spectral radii when used with the unmodified
BR1 SAT. The modified LDG SAT produces the largest spectral radius regardless of the type of SBP operator it is used
with. In fact, the spectral radius obtained with the LDG SAT is about four times larger than the spectral radius obtained
with the BR2 SAT. In comparison, the BR1 and CDG SATs yield spectral radii about twice as large as that of the BR2
SAT. The spectral radii of the BR1, LDG and CDG SATS can be reduced by approximately a factor of 1/0 if T(ylk) is
multiplied by 0 < o < 1, but this would compromise the stability of the discretizations. The unmodified BR1 and
LDG SATs have smaller Tf/lk) coefficients compared to the rest of the adjoint consistent SATSs, and they produce smaller
spectral radii, as can be seen from Figs. 8c and 8i.

The variation of the spectral radius with respect to the SBP operators can also be inferred from Fig. 8. The SBP-Q
and SBP-T" operators show comparable spectral radii in all cases. In contrast, the SBP diagonal-E operator produces
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larger spectral radii than the SBP-Q and SBP-I" operators. It also exhibits the largest ratio of the magnitudes of the
smallest to the largest eigenvalues for the p = 3 case. It can be seen from Fig. 8§ that the eigenvalue with the smallest
magnitude for the case with the p = 3 SBP diagonal-E operator has a magnitude approximately two orders of magnitude
smaller than those produced with the SBP-Q and SBP-I" operators. This is also reflected in the condition number of
the system matrix presented in Table 3.

8.3. Conditioning

The condition number of a system matrix affects the solution accuracy and the convergence rate of iterative solvers
for implicit methods. Table 3 shows the condition numbers of the system matrices resulting from various SBP-SAT
discretizations of (164). The LDG SAT produces the largest condition numbers, and the BR2 SAT yields the smallest
condition numbers among the adjoint consistent SATs. It can also be inferred from Table 3 that compared to the LDG
SAT, the BO and CNG SATs yield approximately an order of magnitude smaller condition numbers. They also give
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Figure 8: Eigenspectra of the system matrix resulting from SBP-SAT discretization of (164) with n, = 14 elements. The BR1* and LDG* SATSs
represent the unmodified BR1 and LDG SATs.

significantly smaller condition numbers compared to the BR1, BR2, and CDG SATs. In contrast, the unmodified LDG
and BR1 SATs yield smaller condition numbers than the rest of the adjoint consistent SATs when used with all but the
degree three SBP diagonal-E operators. A comparison of the condition numbers in Table 3 by the type of SBP operator
reveals that the SBP diagonal-E operators lead to larger condition numbers than the SBP-I" and SBP-Q operators. As
noted in Section 8.1, the solution and adjoint errors are considerably larger for the case with p = 3 SBP diagonal-E
operator compared to the solutions with the same degree SBP-I" and SBP-Q operators which yield system matrices
with significantly smaller condition numbers as can be seen from Table 3.

The growth of the condition number with mesh refinement for degree four SBP operators is depicted in Fig. 9. The
figure shows that the scaling factors between the condition numbers resulting from the use of the different types of SAT
remain roughly the same under mesh refinement. This holds for the lower degree SBP operators as well. Similarly,
Fig. 10 shows that, for the SATs considered, the condition number scales at approximately the same rate as the degree
of the operators increases. For SBP-Q and SBP-T" operators, the increase in condition number with the polynomial
degree of the operators is roughly linear; a similar observation was made for DG operators in [65]. From Fig. 10c,
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Table 3: Condition number of the system matrix arising from discretization of (164) using n, = 14 elements. The BR1* and LDG* SATs represent
the unmodified BR1 and LDG SATs.

p  Operator BR1 BR1* BR2 LDG LDG* CDG BO CNG
SBP-Q  5.09e+02 - 2.55e+02 1.01e+03 - 4.96e+02 1.32e+02 7.60e+01

1 SBP-I'  5.05e+02 - 3.02e+02  1.29¢+03 - 6.88¢+02 1.01e+02  1.14e+02
SBP-E  9.13e+02 3.65e+02 4.12e+02 2.0le+03 6.88e+02 9.62e+02 2.36e+02 1.57e+02
SBP-Q  3.88e+03 - 1.90e+03  8.59e+03 - 4.30e+03 391e+02 5.33e+02

2 SBP-I'  6.30e+03 - 3.00e+03  1.70e+04 - 8.36e+03  5.83e+02  8.28e+02
SBP-E 1.06e+04  2.09e+03 4.82e+03 2.49e+04 3.84e+03 1.16e+04 2.86e+03  2.08e+03

SBP-Q  1.85e+04 - 8.86e+03  4.30e+04 - 2.11e+04  1.98e+03 2.42e+03
3 SBP-I'  2.66e+04 - 1.26e+04  7.22e+04 - 3.54e+04 2.76e+03  3.58e+03
SBP-E  2.65e+06 3.63e+06 1.22e+06 6.69e+06 4.76e+06 3.15e+06 6.60e+05 5.26e+05
SBP-Q  5.81e+04 - 2.73e+04  1.46e+05 - 7.05e+04  6.04e+03  7.26e+03
4 SBP-I'  8.54e+04 - 3.98e+04 2.27e+05 - 1.10e+05 8.43e+03  1.09e+04

SBP-E 1.49e+05 2.23e+04 6.71e+04 3.86e+05 5.30e+04 1.77e+05 4.29e+04 3.10e+04
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Figure 9: Growth of condition number with respect to mesh refinement. The BR1* and LDG* SATs represent the unmodified BR1 and LDG SATs.
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Figure 10: Growth of condition number with degree of SBP operators. The BR1* and LDG* SATs represent the unmodified BR1 and LDG SATs.

we see that the condition number for the degree three SBP diagonal-E operator is larger than that of the degree four
operator, and this trend is observed in a more pronounced manner for smaller mesh sizes.

8.4. Verification of sparsity and storage requirement estimates

We verify estimates of the number of nonzero entries presented in Table 2 for system matrices resulting from
different SBP-SAT discretizations of (164). The accuracy of the estimates is measured by the percent error with
respect to the actual number of nonzero entries obtained numerically. We also compute the relative densities of the
system matrices using the density due to the BR1 SAT as a reference for normalization. The results for degree four
SBP operators are shown in Table 4. The largest errors in the estimated number of nonzero entries of the system
matrices resulting from discretizations with SBP-Q, SBP-I", and SBP diagonal-E operators are 8.34%, 2.10%, and
0.74%, respectively. For fewer elements the errors increase (e.g., ~ 20% with 68 elements) because the ratio of the
number of interior elements to boundary elements decreases.

The relative densities in Table 4 show that the storage requirements for discretizations with SBP-Q operators
coupled with the BR1 SAT can be reduced by up to =~ 60% if instead compact SATs are used. For SBP-I" operators
density reductions up to ~ 35% are observed if CNG, CDG, or LDG SATs are used. The same set of SATs yield = 23%
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Table 4: Number of nonzero entries of system matrices resulting from SBP-SAT discretization of (164) with 4352 degree p = 4 curved SBP
elements, percent error of estimated number of nonzero entries compared to actual number of nonzero entries, and relative densities (rel. density) of
system matrices with respect to nonzero entries obtained with BR1 SAT.

SBP-Q SBP-I' SBP-E
nnz Yoerror  rel. density nng %error  rel. density nnz Joerror  rel. density
BR1 9,594,000 +2.06 1.0000 4,041,648  +1.11 1.0000 4,617,968  +0.74 1.0000
BR2 3,877,200 +1.02 0.4041 3,406,448  +0.80 0.8428 4,617,968  +0.74 1.0000
LDG 4,820,400 +8.34 0.5024 2,674,048  +2.10 0.6616 3,523,168  +0.55 0.7629
CDG 3,877,200 +1.02 0.4041 2,569,248  +0.62 0.6357 3,523,168  +0.55 0.7629
BO 3,877,200 +1.02 0.4041 3,406,448  +0.80 0.8428 4,617,968  +0.74 1.0000
CNG 3,877,200 +1.02 0.4041 2,569,248  +0.62 0.6357 3,523,168  +0.55 0.7629
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Figure 11: Comparison of number of nonzero entries when different types of SBP operators are implemented with similar SAT. Values obtained
from numerical experiment are denoted by “num.” and those estimated are denoted by “est.” in the legends.

reduction in density when used with SBP diagonal-E operators. Compared to BR2 and BO SATs, we observe ~ 20%
reduction in density when LDG, CDG and CNG SATs are used with the SBP-I" operator.

Figure 11 shows the variation of the number of nonzero entries due to implementation of different types of degree
four SBP operator with a single type of SAT. The SBP-I" operator produces the fewest nonzero entries regardless of the
choice of SAT. This trend is observed for lower degree operators as well, but for implementations with the BR2 SAT,
the SBP-I" and SBP-Q operators produce very similar numbers of nonzero entries. For SBP-Q and SBP diagonal-E
operators, no conclusive statement can be made regarding which operator produces a smaller number of nonzero entries
when implemented with the same SAT. Combining the observations from Fig. 11 and Table 4, we can conclude that
the minimum number of nonzero entries (highest sparsity and lowest storage requirement) is obtained when SBP-I"
operators are used with the CNG SAT. While the CDG SAT also produces the same number of nonzero entries, it
requires storing values of the switch functions for each facet in the discretization.

9. Conclusions

Using a general framework, we have analyzed the numerical properties of discretizations of diffusion problems with
diagonal-norm multidimensional SBP operators and various types of SAT. The framework enables implementation of
SATs without writing diffusion problems as a first-order systems of equations. This offers flexibility to switch from
one type of SAT to another with a simple parameter selection of the SAT coefficients. The main theoretical results can
be summarized as follows.

o Conditions required for consistency, conservation, adjoint consistency, and energy stability of SBP-SAT dis-
cretizations of diffusion problems with multidimensional SBP operators are established.

e A functional error of order %" is attained when primal and adjoint consistent SATs are used with degree p
multidimensional SBP operators in curvilinear coordinates.

e Several types of SAT that correspond to known DG fluxes, including those leading to extended stencils, are
identified. Instability issues observed with some these SATs are addressed by modifying the SAT coefficients.
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e It is shown that the BR1, BR2, and SIPG SATs are equivalent when implemented with diagonal-norm R® (SBP
diagonal-E) operators, which include the frequently used LGL operator in one space dimension. For the same
family of operators, the LDG and CDG SATs are shown to be equivalent.

e Upper bounds on the number of nonzero entries in the system matrices arising from d-dimensional SBP-SAT
discretizations are derived.

Numerical experiments with the two-dimensional Poisson problem were conducted to study the accuracy, eigen-
spectra, conditioning, and sparsity of various SBP-SAT discretizations. The adjoint consistent SATs display primal and
adjoint solution convergence rates of p + 1. In contrast, the adjoint inconsistent SATs, BO and CNG, show solution
convergence rates of p + 1 and p for odd and even degree operators, respectively. Functional superconvergence rates
of 2p are attained with the adjoint consistent SATs, while the adjoint inconsistent SATs converge at lower rates. The
reduction in the functional error values is more notable than the reduction in the solution error values when adjoint
consistent SAT's are used instead of adjoint inconsistent SATs. We summarize the rest of our observations as follows.

o When used with SBP-Q and SBP-T" operators, the BR1 and LDG SATs couple second neighbor elements; hence,
they are less amenable for code parallelization than the other types of SAT.

e When used with the SBP-Q and SBP-I" operators, the BR2 SAT leads to a system matrix with the smallest
spectral radius compared to the rest of the adjoint consistent SATs. In contrast, the LDG SAT leads to a system
matrix with the largest spectral radius.

e When used with the SBP diagonal-E operators, the unmodified BR1 and LDG SATs are compact, adjoint con-
sistent, and energy stable. Except for the p = 3 operator, they lead to smaller condition numbers compared to the
other adjoint consistent SATs. Furthermore, the unmodified BR1 SAT leads to system matrices with the smallest
spectral radius while the unmodified LDG SAT produces the sparsest system matrices.

e The BR2 SAT yields about half as large a spectral radius and condition number as the CDG SAT, but the CDG
SAT produces system matrices with up to 25% fewer nonzero entries when implemented with SBP-I" and SBP
diagonal-E operators.

e Compared to the adjoint consistent SATs other than the unmodified BR1 and LDG SATs, the BO and CNG SATs
lead to system matrices with significantly smaller spectral radii. This is also reflected in the conditioning of their
system matrices, which have 1.5 to 20 times smaller condition numbers.

e The CNG and CDG SATs produce system matrices with 20% to 60% fewer number of nonzero entries compared
to the other types of SAT.

o If functional superconvergence is not a priority, the CNG SAT offers interesting properties such as a reduced
condition number (about half of that of the BR2 SAT), a larger time step, and a sparse system matrix. However,
the scheme suffers from larger solution error and even-odd solution convergence behavior.

We acknowledge that the choice of SATs to solve diffusion problems is not straightforward due to the competing
numerical properties, which can be problem dependent, but our observations indicate that when used with SBP-Q
and SBP-T" operators, the BR2 and CDG SATs offer superior numerical properties in most cases, and the CNG SAT
is a better alternative in some cases. For the SBP diagonal-E operators, the unmodified BR1 and LDG SATSs show
significantly better numerical properties compared to the rest of the SATs. It is possible that other types of SAT with
better numerical properties fall under the general framework, and this may be studied in the future.

Appendix A. Construction of SBP operators on curved elements

High-order methods require accurate enough representation of curved geometries to achieve optimal solution con-
vergence rates [56, 66]. One approach to generate curved elements is to reposition facet nodes of linear meshes
generated on physical elements such that they coincide with facet quadrature points on curved physical boundaries,
and propagate the curvature to volume nodes [56]. In this work, however, we assume that a curvilinear mesh is avail-
able or an analytical relation is known such that coordinates of a-optimized Lagrange interpolation nodes discussed in
[56] are accessible on each curved physical element. We then apply polynomial interpolation to find the SBP nodal
locations and grid metrics in the physical space.
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Crean et al. [37] showed that SBP operators on curved physical elements preserve design order accuracy, freestream
flow, and the SBP property if the curvilinear mapping satisfies Assumption 1. The geometric mapping from a point in
the reference element, (£,77) € Q, to a point in the physical element, (x,y) € €, is defined by

g

(53 = MeEm = ) ¢, (A1)

=

where c; is the coordinate of j-th Lagrange interpolation node on the the physical element, é j € JPPmar (Q) is the j-th
Lagrange polynomial basis associated with the j-th node on the reference element, and n; = (” m“;”) is the cardinality
of the polynomial basis for the mapping. At the Lagrange nodes of the reference element, ¢ ; satisfies

$i&om) = > kK peomy =6y forj=1,....n, (A2)

where ki,j) € R, ¢ is another basis function, and J;; is the Kronecker delta operator. The basis ¢ is chosen to be the
orthonormalized canonical basis given in [56] as,

GulEm) = 2P (PO (b)(1 - by, (A3)

where SD(”B) is the n-th order Jacobi polynomial, m = j + (pmap + 1)i + 1 —i/2(i = 1), ij =2 0, i + ] < Pmap, @ =
2(1+&)/(1 —n) — 1, and b = n. Writing (A.2) in matrix form we have VK =1, , which yields K = V!, where the

coefficient matrix, K € R"*" | contains the coefficient k(j) in the j-th column and ¢- th row, and V; is the Vandermonde

matrix constructed using the orthonormal basis in (A.3) and the a-optimized Lagrange nodes, $; = {£;, n,}l |» presented
in [56]. The a-optimized Lagrange nodes minimize the Lebesgue constant and ensure the Vandermonde matrix is well-
behaved [56]. Using the matrix forms of (A.1) and (A.2), the coordinates of the SBP volume nodes, xy, y,, and facet
node, x,, Yy in the physical element can be calculated as

Xi = \A/Q\A/Zl.i'k, Y = \A/Q\A/le’k, xy = \A/y\,\/l_ll.i'k, yy = \7,/\7215’k, (A4)

where %, §, € R™ are vectors of the x and y coordinates of the Lagrange interpolation nodes in €. Using the
derivatives of (A.1) with respect to the reference coordinates,

ZZ ,(j)a% 5M ZZ k(na‘Pz (AS)

J=1i=1 j=1 i=1
we compute the exact grid metrics by forming the derivatives of the Vandermonde matrix on $, i.e.,
R 9 -1 7\ -l
x&k = V§,QVL Xk, yg,k = Vf’QVL yk’ x,,k = V,]QVL Xk, y’l,k = V’IsQVL yk’ (A6)

where the subscripts £ and 77 denote partial derivatives with respect to &€ and 7, e.g., x¢ is the restriction of dx/d¢ on to
the nodes S. Similarly, the facet grid metrics are computed as

v -l= v -ls S -l 1
Xy = Ve VI Xy, Yeyk = Ve Vi Fi X = Vi) Vi X Yok = Vo VL ¥ (A7)

The mapping Jacobian matrices for the volume, Jj : Q — R%  and facets, J. 7 I, —» R™U@=D_are given,
respectively, by

ox  0Ox ox

% 7 ?s

:fk=[a_§ a_"} and m-;[g], (A8)
3 on as

where s = s(&, n7) is the parametric equation of the line, iy, connecting the end points of facet y on the reference element.

The outward pointing unit normal vectors on facet y of element € are given by

7 L 5 -% [ng]
ny = —9J iy, = — I | A A9
CTAR |jfy|[ boa || ay, (A5
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where | Jy| is the determinant of the Jacobian, and || = \/ [T, f;/)]]z + [, fy)z]z. We evaluate | 7| and |J,| at the
volume and facet nodes of ; as

. . 1
Jk = dlag (le,k o y’],k — Xpk O yf,kl)’ Jfl =S dlag (% \/(xq,yk - x.f,)’k)z + (yrl,yk - yf,'yk)z)v

J, = diag ( V0 + (—ywk)z), J, = diag ( Je,0? + (ymk)Z),

respectively, where o denotes the Hadamard (element-wise) product of vectors, and the operator diag(-) takes in a
vector and creates a diagonal matrix with the vector placed in the main diagonal.

The SBP operators on the physical element are constructed following [37, 38]. The norm matrices on the physical
element read

(A.10)

Hi = JH, B, =J;B,. (A.11)
The normals at facet y are stored in the diagonal matrices
Nk = J7 ' [diag(y,,,0fye = diagey)iiyl, Nyt = J7 1= diag(a, y0)fiye + diag(xg )y, ). (A.12)

The surface integral matrices in the x and y directions are given by

Ew= Y RLBNyRyw Ex= > RLBNyRy, (A.13)
vyl vl

and the skew-symmetric matrices are constructed as

1, .. A AT L. 1 . A AT .
Su = z(dlag(y,],yk)Qg - Qg dlag(yn,yk)) + E(_ diag(yg,)Qy + Q; dlag(yg,yk)),

(A.14)
1 . AAT L 1, .. A AT 5.
Sy = z(— diag(x,,x)Q; + O? dlag(x,,,,/k)) + E(dlag(x_g,yk)Q,, - Q; dlag(x‘_g,yk)).
Finally, the derivative operators are computed as
_q 1 1 1
ka = Hk Sxk + EExk , Dyk = Hk Syk + EEyk . (A]S)

Appendix B. Summary of notation

The analysis presented in this work is notation heavy; hence, we tabulate some of the important notation in Ta-
ble B.5 for quick referencing.
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Table B.5: Summary of important notation

Notation Equation Description
Dy, Dy (A.15) First derivative operators in the x and y directions
D(kz) 25) Second derivative operator approximating V - (1V) on element €
He, B, (A.11) Diagonal norm matrices of element €, and facet y, respectively
Evis By (A.13) Surface integral matrix in the x and y directions
Ryx 3) Extrapolation matrix from volume nodes in element € to facet nodes on facet y
D, (26) Normal derivative operator approximating n - (1V) on facet y of element €
N> Nyye (A.12) Diagonal matrices with the x and y components of the normal vector on face y of element ;.
M (28) A positive semidefinite matrix used for the approximation v} Mg = fQ VYV - (AVU)AQ
Ay (24) A block matrix containing the diffusivity coefficients in all combinations of directions
TEI’Z, Tflj;k (34) and (35) SAT coefficient matrices for facets a, b € {y, €,6}, i = {1,2,3,4, D}, and j = {5, 6}
Y vk 93) Component of the SAT coefficient matrices defined for facet a, b € {y, €, 6}
Ay (157) A facet weight parameter satisfying 3., @ = 1
Bk (144) Switch function defined at facet y of element
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