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Abstract

We study the numerical solutions of time-dependent systems of partial differential
equations, focusing on the implementation of boundary conditions. The numerical
method considered is a finite difference scheme constructed by high order summation
by parts operators, combined with a boundary procedure using penalties (SBP-SAT).

Recently it was shown that SBP-SAT finite difference methods can yield super-
convergent functional output if the boundary conditions are imposed such that the
discretization is dual consistent. We generalize these results so that they include a
broader range of boundary conditions and penalty parameters. The results are also
generalized to hold for narrow-stencil second derivative operators. The derivations
are supported by numerical experiments.
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1 Introduction

In this paper we consider a summation by parts (SBP) finite difference method, which is
combined with a penalty technique denoted simultaneous approximation term (SAT) for
the boundary conditions. The main advantages of the SBP-SAT finite difference methods
are high accuracy, computational efficiency and provable stability. For a background on
the history and the newer developments of SBP-SAT, see [19] [6].

A discrete differential operator Dy is said to be a SBP-operator if it can be factorized
by the inverse of a positive definite matrix H and a difference operator @), as specified
later in equation (I2). When H is diagonal, D; consists of a 2p-order accurate central
difference approximation in the interior, but at the boundaries, the accuracy is limited
to pth order. The global accuracy of the numerical solution can then be shown to be

p+ 1, see [19] 1§].
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In many applications functionals are of interest, sometimes they are even more im-
portant than the primary solution itself (one example is lift or drag coefficients in com-
putational fluid dynamics). It could be expected that functionals computed from the
numerical solution would have the same order of accuracy as the solution itself. How-
ever, recently Hicken and Zingg [9] showed that when computing the numerical solution
in a dual consistent way, the order of accuracy of the output functional is higher than
the FD solution itself, in fact, the full 2p accuracy can be recovered. Related papers
are [10, 8] which includes interesting work on SBP operators as quadrature rules and
error estimators for functional errors. Note that this kind of superconvergent behavior
was already known for example for finite element and discontinuous Galerkin methods,
but it had not been proven for finite difference schemes before, see [9]. Later Berg and
Nordstrom [I], 2, 3] showed that the results hold also for time-dependent problems.

In [9; B and [I] boundary conditions of Dirichlet type are considered (in [9] Neu-
mann boundary conditions are included but are rewritten on first order form), and in
[2, B] boundary conditions of far-field type are derived. In this paper, we generalize these
results by deriving penalty parameters that yield dual consistency for all energy stable
boundary conditions of Robin type (including the special cases Dirichlet and Neumann).
In contrast to [2, 3], where the boundary conditions were adapted to get the penalty in a
certain form, we adapt the penalty after the boundary conditions instead. Furthermore,
we extend the results such that they hold also for narrow-stencil second derivative op-
erators (sometimes also denoted compact second derivative operators), where the term
narrow is used to define explicit finite difference schemes with a minimal stencil width.
In fact, the results even carry over to narrow-stencil second derivatives operators for
variable coefficients (of the type considered for example in [12]).

To keep things simple we consider linear problems in one spatial dimension, however,
note that this is not due to a limitation of the method. In [9] [§] the extension to higher
dimensions, curvilinear grids and non-linear problems are discussed and implemented for
stationary problems and in [3] the theory is applied to the time-dependent Navier—Stokes
and Euler equations in two dimensions.

The paper is organized as follows: In Section 2] we consider hyperbolic systems of
partial differential equations and derive a family of SAT parameters which guarantees a
stable and dual consistent discretization. Since higher order differential equations can
always be rewritten as first order systems, this result directly leads to penalty parameters
for parabolic problems, when using wide-stencil second derivative operators. Next, these
parameters are generalized such that they hold also for narrow-stencil second derivative
operators. This is all done in Section Bl In Section [ a special aspect of the stability for
the narrow operators is discussed. The derivations are then followed by examples and
numerical simulations in Section [f] and a summary is given in Section
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1.1 Preliminaries

We consider time-dependent partial differential equations (PDE) as
U+ LU) = F, t € [0,T], x €€, (1)

where £ represents a linear, spatial differential operator and F(z,t) is a forcing function.
For simplicity, we will assume that the sought solution U(x,t) satisfies homogeneous
initial and boundary conditions. To derive the dual equations we follow [9] 1, 2] and
pose the problem in a variational framework: Given a functional J(U) = (G, U), where
G(x,t) is smooth weight function and where (G, U) = [, GTU dx refers to the standard
L? inner product, we seek a function V(x,t) such that J(U) = J*(V) = (V,F). This
defines the dual problem as

Ve +L5(V) =G, T € 10,7, x €, (2)

where £* is the adjoint operator, given by (V, LU) = (L*V,U), and where V also satisfies
homogeneous initial and boundary conditions. Note that the dual problem actually goes
"backward” in time; the expression in (2)) is obtained using the transformation 7 =T —t.

Let U and V be discrete vectors approximating U/ and V), respectively, and let F' and
G be projections of F and G onto a spatial grid. We discretize (dl) using a stable and
consistent SBP-SAT scheme, leading to

U+LU=F, teloT). (3)

The SBP scheme has an associated matrix H which defines a discrete inner product, as
(G,U),, = GTHU (when U is vector-valued, H must be replaced by H, which is defined
later in the paper). Now the discrete adjoint operator is given by L* = H~'LT H, since
this leads to (V, LU), = (L*V,U), which mimics the continuous relation above.

If L* happens to be a consistent approximation of £*, then the discretization (3)) is
said to be dual consistent (if considering the stationary case) or spatially dual consistent,
see [9, [I] respectively. When (3) is a stable and dual consistent discretization of (), then
the linear functional J(U) = (G, U),, is a 2p-order accurate approximation of J (i), that
is J(U) = J(U)+O(h?!), and we thus have superconvergent functional output. To obtain
such high accuracy it is necessary with compatible and sufficiently smooth data, see [9]
for more details.
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2 Hyperbolic systems

We start by considering a hyperbolic system of PDEs of reaction-advection type, namely

U +RU+ AU, = F, T € [z, zR],
BLU:gL, r =2, (4)
BrU = gg, T = Tg,

valid for ¢ > 0 and augmented with initial data U(z,0) = Uy(z). We let R and A be
real-valued, symmetric n x n matrices. Further, R is positive semi-definite, that is R > 0.
The operators B;, and By define the form of the boundary conditions and their properties
are specified in (I0) below. The forcing function F(x,t), the initial data Uy(x) and the
boundary data g, (t) and g(t) are assumed to be compatible and sufficiently smooth such
that the solution U(z,t) exists. We will refer to (4)) as our primal problem.

2.1 Well-posedness using the energy method

We call (@) well-posed if it has a unique solution and is stable. Existence is guaranteed
by using the right number of boundary conditions, and uniqueness then follows from the
stability, [15 [7]. Next we show stability, using the energy method.

The PDE in the first row of (@) is multiplied by U7 from the left and integrated over
the domain Q = [z, zz]. Using integration by parts we obtain

d
&||u\|2+2(u,7zu> =2(U,F)+BT + BTy (5)
where |U||? = (U, U) = fff UTU dz and where
BT, = U AU, . BTp=— UTAU|, .

To bound the growth of the solution, we must ensure that the boundary conditions make
BT and BTg non-positive for zero data. We consider the matrix A above and assume
that we have found a factorization such that

A+
A=2AZT, A= A, , Z=1[Zy, 2y, 7Z_], (6)
A

where Z is non-singular. The parts of A are arranged such that A, > 0, Ay = 0 and
A_ < 0. According to Sylvester’s law of inertia, the matrices A and A have the same
number of positive (n4), negative (n_) and zero (ng) eigenvalues (for a non-singular
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Z), where n = ny +ng +n_. To bound the terms BT}, and BTg, we have to give n
boundary conditions at x = z; and n_ boundary conditions at z = ;. We note that

A=Z N ZT+7Z AN_ZT, (7)
which gives
BT, = UM (Z, A, 27+ Z_A_Z0)Ul, , BTr=—-U" (20,27 +Z_ A Z0)u|

where Z}CL{ represents the right-going variables (ingoing at the left boundary), and ZZ U/
represents the left-going variables (ingoing at the right boundary). The ingoing variables
are given data in terms of known functions and outgoing variables, as

ZIU‘Z‘L = §L o RLZZ‘ULCL ) ZTU‘xR - gR o RRZIU‘Z‘R ) (8)

where g1, gr are the known data and where the matrices Ry, and R must be sufficiently
small. Using the boundary conditions in (), the boundary terms BT, and BTx become

BTy = U'Z_(A_+RLA Ry)ZTU|, — 200A R ZIU|, +3LA gL
BTp=—U"Z, (A, +RRA_RR) Z1U|, + 29pA_RrZ{U|, —GpA_gr.
We define
CL=A_+RIA,Ry, Ch=-A, - RLA_Rp

and note that if Cr, Cr < 0, the boundary terms in (@) will be non-positive for zero

data. By integrating (B)) in time we can now obtain a bound on ||U/||?>. With boundary

conditions on the form (§), we also know that the correct number of boundary conditions

are specified at each boundary, which yields existence. Our problem is thus well-posed.
To relate the original boundary conditions in () to the ones in (8]), we let

By, = PL(ZT + RpZT), Br = Pr(ZL + RRZY), (10)

where Pp, and Pg are invertible scaling and/or permutation matrices. The data in (8] is
identified as g7, = P, Ly, and g = Py Lgr. We assume that the boundary conditions in
(@) are properly chosen such that Ry, and Rp are sufficiently small and hence Cr,, Cr < 0.

Remark 2.1. Note that the energy method is a sufficient but not necessary condition
for stability and that it is rather restrictive with respect to the admissible boundary
conditions. By rescaling the problem we could allow Ry, and Rp to be larger, see [I1, [7].
We will not consider this complication but simply require that C;, <0, Cr < 0.

Remark 2.2. In the homogeneous case, with boundary conditions such that Cr, Cr < 0,
the growth rate in () becomes & [|¢/||> < 0. Integrating this in time we obtain the energy
estimate ||U||? < ||Up||? and (@) is well-posed. Since (@) is an one-dimensional hyperbolic
problem it is also possible to show strong well-posedness, i.e. that ||| is bounded by
the data g;, gr, F and Uy. See [11], [7] for different definitions of well-posedness.
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2.2 The semi-discrete problem

We discretize in space using N + 1 equidistant grid points z; = x; + hi, where h =

(xg —x;)/N and i = 0,1,..., N. The semi-discrete scheme approximating () is written
U4 (In@R)U + (D @ A)U = F + (H 'eqg @ $)(BrUo — g1)

+ (H 'ex ® n)(BrUN — gr);

where U = [UL, UL, ..., UL]T is a vector of length n(N + 1), such that U;(t) ~ U(x;,t),

and where F;(t) = F(z;,t). The symbol ® refers to the Kronecker product. The finite
difference operator D, approximates 9/0x and satisfies the SBP-properties

(11)

Dy =H™'Q, H=H">0, Q+Q"=Ex-E (12)

where Ey = epel, Ex = enek and eg = [1,0,...,0]7 and ey = [0,...,0,1]7. Note that
Uy = (60T®In)U and Uy = (e%@[n)U. By In and I, we refer to identity matrices of size
N+1 and n, respectively. The boundary conditions are imposed using the SAT technique
which is a penalty method. The penalty parameters Xy and X in (1) are at this point
unknown, but are derived in the next subsections and presented in Theorem

In this paper, we require that H is diagonal, and in this case D; consists of a 2p-order
accurate central difference approximation in the interior and one-sided, p-order accurate
approximations at the boundaries. Examples of SBP operators can be found in [I7), 13].
For more details about SBP-SAT, see [I8] and references therein.

2.3 Numerical stability using the energy method

Just as in the continuous case we use the energy method to show stability. We multiply
(@) by UTH from the left, where H = H ® I,,, and then add the transpose of the result.
Thereafter using the SBP-properties in (I2]) we obtain

d . .
FIUIG +2U07 (H @ R)U = 2(U, F), + BTL™* + BTR™*,
where [|U||2 = (U,U),, = UTHU is the discrete L?>-norm and where

BT =UG ( A+%oBr +BLxj ) Uo — Ui Zog: — 91 %6 U,

isc (13)
BTR = UL (A + NnBp + BEY%) Uy — U Sngs — gLy 5 U

We define Cp = A+%0B, + B2l and Cy = —A+XyBr +BEY%. For stability BT
and BT%SC' must be non-positive for zero boundary data, i.e. Cyp <0 and Cny < 0. We
make the following ansétze for the penalty parameters:

Yo = (241l + Z-To) P, Sy = (24N + Z_1ly) Py (14)
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Taking the left boundary as example and using (@), (I0) and (I4) we obtain

N A A N P 2 S BT
Z! To+RITIT A+ TR+ RITT || 27
2.4 The dual problem
Given the functional J(U) = (G, U), the dual problem of ) is
Vr+ RV —-AV, =G, x € [xp,xR],
BlV=3g., w=u, (16)
E%V = 9, T = Tg,

which holds for 7 > 0 and is complemented with the initial condition V(z,0) = Vy(x).
The boundary operators in (6] have the form

B, = P(Z" + R, Z7T), Br = Pr(Z + RpZ"), (17)

where 132 and 18;3 are arbitrary invertible matrices and I/%\z and }/2} depend on the primal
boundary conditions as

Ry, =—-AT'RTA., Rp=—A7'REA . (18)

The claim that ([I6]), (I7) and (I8)) describes the dual problem is motivated below: Using
the notation in (IJ) and (2] we identify the spatial operators of (@) and (1G] as

0 0
= R —— * — — R —— 1
L R+A8x’ L'=TR Aax’ (19)
respectively. For (I6]) to be the dual problem of (), £ and £* must fulfill the relation
(V,LU) = (L*V,U). Using integration by parts we obtain

(V. LUy = (L*V, U) + VT AUIEE

and we see that VT AU must be zero at both boundaries. (The boundary conditions for
the dual problem are defined as the minimal set of homogeneous conditions such that
all boundary terms vanish after that that the homogeneous boundary conditions for the
primal problem have been applied, see [I].) Using the boundary conditions of the primal
problem, (8]), followed by the dual boundary conditions, (I8l), (I7), yields (for zero data)

VIAU|, = V77, (A R+ Ry AL) 27U

TL

ViAu|, =-v'z_ (EETA+ + A_RR> ZTu

TR

and if (I8) holds, then VT AU = 0 at both boundaries and the above claim is confirmed.
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Remark 2.3. A functional can also include outgoing solution terms from the boundary,
as J(U) = (G, U) + oA ZTU|,, + BA_ZTU|,, . This would specify the boundary data
in (I6) to g, = —EBT and gp = E{&T, compare with [9]. For simplicity we consider
J(U) = (G, U) which means that actually, the boundary data in (I@) is zero.

2.4.1 Well-posedness of the dual problem

The growth rate for the dual problem is given by
diiuvH? +2(V,RV) = BT + BT}
where the boundary terms are (the homogeneous boundary conditions have been applied)
BTl =VT7,C Z1v|, BT = V17 Cp 21V,

and where EE =-A, — A+RLA:1R:£A+ and (/Z\;g =A_+ A_RRAI_IRﬂA_. For well-
posedness of the dual problem CNL < 0 and ag < 0 are necessary. -
Recall that the primal problem is well-posed if Cp,, Cg < 0. The dual demand Cp, <0
is directly fulfilled if C;, < 0 and Cr < 0 follows from Cr < 0. (In the special case when
R, R are square, invertible matrices, this is trivial. For general Ry, Rp it can be shown

with the help of Sylvester’s determinant theorem.) We conclude that the dual problem
(I6) with (7)), (I8]) is well-posed if the primal problem (@) with (IQ) is well-posed.

Remark 2.4. In [2, [3] the dual consistent schemes are constructed by first designing the
boundary conditions (for incompletely parabolic problems) such that both the primal
and the dual problem are well-posed. Their different approach can partly be explained
by their wish to have the boundary conditions in the special form Hy pU ¥ BU, = G, g.
Looking e.g. at Eq. (30) in [2], we note that after applying the boundary conditions,
UTMpU > 0 is needed for stability. However, if B is singular, replacing BU, by +H L.rRU
does not guarantee that all conditions have been completely used, and v and p in U =
[p,u]" in UT MpU can be linearly dependent. Therefore the demand Mj, > 0 in (31) is
unnecessarily strong and gives some extra restrictions on the boundary conditions.

2.4.2 Discretization of the dual problem
The semi-discrete scheme approximating the dual problem (I0) is written

Vet (In @ R)V — (D1 ® AV = G+ (H 'eq ® S0)(BL Vo — 1)

I )
+ (H 'en @ XN)(BrRVN — gr),

where V;(7) represents V(x;, 7). The SAT parameters S and Sy are yet unknown.
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2.5 Dual consistency

The semi-discrete scheme () is rewritten as Uy + LU = RHS, where
L=IN®R)+ (D1 ®A) — (H 'Ey®XoB) — (H 'Ex @ ©nBg)

and where RHS only depends on known data. In contrast to the continuous counterpart
L, L includes the boundary conditions explicitly. According to [2], the discrete adjoint

operator is given by L* = H TH , which, using ([I2)), leads to
L'=(IN®R)—(D1 @A) — (H 'EyoBLxl + A)—(H'Exy @ BLYL — A)  (21)

If L* is a consistent approximation of £* in (I9), then the scheme (IIJ) is dual consistent.
Looking at (20), we see that L* must have the form

(L) = (In®R) — (D1 @ A) — (H'Ey @ %oB,) — (H'Ex @ SxBg).  (22)

Thus we have dual consistency if the expressions in (2I) and (22) are equal. This gives
us the following requirements:

BIST + A—%B, =0 BEST — A — SyBg = 0.
Similarly to the penalty parameters (I4)) for the primal problem, we make the ansétze
—~ —~ ~ ~—1 — — ~ ~—1
Yo=(Z4To+ Z_1y) Py, Yy =(Zy 0N+ Z_TnN)Pr (23)

for the penalty parameters of the dual problem. We consider the left boundary and use

(@) and [23)), together with (@), (I0) and ([IT), to write
[ zT }
zT

— ZI ] T
which is zero if and only if the four entries of the matrix are zero. These four demands

- A, + 1T — TR, 7 — Ty
BfE€+A—zoBL:[ZT ] o
are rearranged to the more convenient form

RIIY —TyR;, A_+RITY —Ti,

Ih=-A, - A, R,AT'Ty (24a)
Ry = —-AT'RFA, (24D)
To=T§ (24c)
My = A_ — A_R.AT'T,. (244)

Note that (24al) only depends on parameters from the primal problem, while (24d)) only
depends on parameters from the dual problem. Interestingly enough, (24D) is nothing
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but the duality demand (I8]) for the continuous problem. The demand (24d) relates the
penalty of the dual problem to the primal penalty.

Unless we actually want to solve the dual problem, it is enough to consider the first
demand, (24a)). We repeat the above derivation also for the right boundary and get the
following result: The penalty parameters Xy and X in (I4]) with

My =—-A, — A, R, ATy, Iy = A_ — A_RpA;'Ty, (25)

makes the discretization (III) dual consistent.

Remark 2.5. If the discrete primal problem (III) is dual consistent there is no need to
check if the discrete dual problem (20) is stable — in [8] it is stated that stability of the
primal problem implies stability of the dual problem, because the system matrix for the
dual problem is the transpose of the system matrix for the primal problem — that is the
primal and dual discrete problems have exactly the same growth rates for zero data.

2.6 Penalty parameters for the hyperbolic problem

Consider the penalty parameter ansatz for the left boundary, ¥o = (Z 1o + Z_I'o) P, L
which is given in ([4]). From a stability point of view, we must choose Iy and Iy such
that Cp in (I3 becomes non-positive. In addition, for dual consistency the constraint
in (25) must be fulfilled. By inserting the duality constraint Il = —A, — A +RLA:1F0
from (28] into Cy we obtain, after some rearrangements, the expression

Co— PrB ] [ -Ay — A RLATTy — (A, RLAT'T)T TTA'c, [P By
zT CLAZ'Ty Cr zt |-

The most obvious strategy to make Cy < 0 is to cancel the off-diagonal entries by putting
I’y = 0, but note that other choices exist. To single out the optimal (in a certain sense)
candidate, we use another approach. With (), (I0) and g;, = P, ! gz, the left boundary
term in (I3) can be rearranged as

BT =UJZ_ (A_+ RIA,RL) ZTUy — 257 A, RLZTUY + GEA LT
—(BLUO—QL)TPL_TA+PL_1 (BLUO—QL) (26)
+2(BrUs — g1)" (S0 + Z+A+PL_1)T Uo

where we see that the first row corresponds exactly to the continuous boundary term
BTy in ([@). The second row is a damping term that is quadratically proportional to the
solution’s deviation from data at the boundary, ByUy — g;. The term in the last row
is only linearly proportional to this deviation, so we would prefer it to be zero. This is
possible if the penalty parameter is chosen exactly as Yo = —Z, A, P, L Luckily this
choice fulfills both the stability requirement and the duality constraint. We repeat the
above derivation also for the right boundary and summarize our findings in Theorem 2.6l

10
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Theorem 2.6. Consider the problem () with an associated factorization (@) where Z
is non-singular. With the particular choice of penalty parameters

EQ = —Z+A+PEI, ZZV = Z—A—P]gla (27)

the scheme () is a stable and dual consistent discretization of (@). The matrices Py,
and Pr are specified through (I0)).

Proof. Comparing with (I4]), we note that 3¢ in ([27)) is obtained using Iy = —A and
'y = 0. These values fulfill the left duality constraint in (25]). Inserting I'y = 0 into Cj
above, we obtain Cy = Z_Cr.ZT — B%PL_TAJFPL_IBL, which is negative semi-definite if
the continuous problem is well-posed (in the C;, < 0 sense). Thus the stability demand
Cp < 0 is fulfilled. The same is done for the right boundary, completing the proof.  [J

Remark 2.7. The seemingly very specific choice of penalty parameters in Theorem is,
in fact, a family of penalty parameters, depending on the factorization used. Note that
it is not necessary to use the same factorization for the left and the right boundary.

Remark 2.8. If characteristic boundary conditions (in the sense Ry, Rp = 0) are used,
the scheme (II]) together with the SATs from Theorem simplifies to

U+ (UN@R)WU+ (D1 @ AU =F+(H 'Ey®@ -A U+ (H 'Ey® A_)U

in the homogeneous case, where A, = Z, A, ZT and A_ = Z_A_ZT. When the
factorization refers to the eigendecomposition, this corresponds to the SAT used for the
characteristic boundary conditions of the nonlinear Euler equations in [9].

3 Parabolic systems

Consider the parabolic (or incompletely parabolic) system of partial differential equations

U+ A, — EUy, = F, x € [z, zR],
HLZ/[ + gLux =Jdr, r =2, (28)
HrU + GrUy = gg, T = Tp,

for t > 0, augmented with the initial condition U(x,0) = Up(x). The matrices A and
£ > 0 are symmetric n X n matrices, and we assume that Gy, and Gg scales as G;, = K&
and Gr = KRr&, respectively. Treating U, as a separate variable, we can rewrite (28] as
a first order system (as was also done in [9, [I]), arriving at

szt+ﬁzj+zax:‘}_-a WIS [xL7xR]7
ELH:gu T =1L, (29)
ERH:ng L = TR,

11



A dual consistent finite difference method with narrow stencil second derivative operators

where

-[4h] =-[02] a-[i] #-[7]

.Z:[ A _5}, Br=[H. G, Br=[HMr Gr]. (30)

and

-£ 0

The system (29) has almost the same form as (@) since R > 0 and A are symmetric
m X m matrices, where m = 2n. Thus we can use the results from the hyperbolic case.

Remark 3.1. In [21 [3] the operators corresponding to Hy, Gr, Hr and Gg are square nxn
matrices and their ranks are changed to suit the number of boundary conditions. We
adapt the matrix dimensions instead. Both approaches have their respective advantages.

3.1 Discretization using wide-stencil second derivative operators

To discretize the parabolic problem, we first consider the reformulated problem (29]), and
use the results from the hyperbolic section. Then we rearrange the terms such that we
get an equivalent scheme but in a form corresponding to ([28). These steps, which are
done in Appendix[A] lead to

U+ (D1 @ AU — (D} @EU = F+ H (e ® fio + D eo ® 7)&

—1 R T S (31)
+H (en®@n+ Dieny @Un)EN
where
§o=HLUo +Gr(DU)o — g1, &v =HrUy + Gr(DU)N — gr,  (32)
and H = (H ® I,,) and D = (D1 ® I,). The penalty parameters in (31]) are
flo = (—Z1+qZ2) AL (PL+qKLZAL) ™Y, Do = ?2§+(§L + QAKLZ:2§+)_1 .

in= (Zs+qZ4y)A_(Pr—qKrZ:A_)™, On =—Z4A_(Pr—qKrZsA_)7!

where the matrices Z 1,2,3,4 are defined through

= [z = | Z3
7.-[2] 2-[2] -
As before, Ay, Z+ and Pp, Pg are described in (@) and (I0), respectively, but are now
obtained using A and B, Bg from [B0). Finally, the quantity g in (B3] is given by
G=clH ey = e H ey, (35)

The matrix H is positive definite and proportional to the grid size h, and thus ¢ is a
positive scalar proportional to 1/h.

12
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3.2 Discretization using narrow-stencil second derivative operators

In [1, it was suggested that dual consistency might require wide-stencil second derivative
operators, but next we will show that this is not necessary. The semi-discrete scheme
approximating (28] is now written, analogously to (1)), as

U + (Dl & .A)U — (D2 ® 5)U =F+ H_l(e() ® po + STG(] &® I/Q)fo (36)
+ H_I(EN @ un + STeny @ vn)én.

The operator Do, which approximates the second derivative operator, is no longer limited
to the previous form D?, where the first derivative is used twice. However, Dy must still
fulfill the SBP relations

Dy = H Y(—Ag + (Ey — Ep)S), Ag = AL =8TMs >0,  (37)

The first and last row of the matrix S are consistent difference stencils, see e.g. [13]. For
dual consistency, Ag must be symmetric. Further, we have

§o = HrUo+ GL(SU)o — g1, En = HrUN + Gr(SU)N — gr, (38)
where
S=8®I,, (SU)o = (el S ® I,)U, (SU)N = (e S ® I,)U.
We also define

q=qo+ g = an + g (39)
where
qo = e M~ ey, an = enM e, ge =t M tey = el M e, (40)

and where M is a part of Do as stated in ([B7). In Section ll we provide ¢ for various Dy
matrices. The penalty parameters pg, vo, py and vy in ([B@) are now given by:

Theorem 3.2. Consider the problem [28) with G = Kr€ and Ggr = KrE. Further, let

A, which is specified in @B0), be factorized as A = ZAZ" as described in (). Then the
particular choice of penalty parameters

po = (—Z1+ qZ2)A (PL+qKLZ2A )7, vy = A, (PL+qKrZ,A, )"
A

2
21T a%2)04 “204) 720+ 7224
pun = (Zs+qZy)A_(Pr—qKrZsA)™, vy =—Z4A_(Pr—qKrZsA_ )™}

makes the scheme in ([B6) stable and dual consistent. The matrices 21,273,4 are given in

B4), Pr, Pg are obtained from ([IQ) (using B, Br in BQ)) and q is defined in (39).

13



A dual consistent finite difference method with narrow stencil second derivative operators

Note that ¢ in ([B9) is a generalization of ¢ in (BH), and that the penalty parameters
in (@I) and (B3] are identical if ¢ = ¢. Hence the narrow-stencil scheme (B@]) is a
generalization of the wide-stencil scheme in (BIJ), since the schemes are identical if we
choose Dy = D?, S = Dy and M = H. In the rest of this section we will justify these
generalizations and prove Theorem 3.2 by showing that the penalties given in (4I]) indeed
make the scheme (36 stable and dual consistent.

3.3 Stability when using narrow-stencil second derivative operators
We multiply the scheme (B8) by UT H from the left and add the transpose of the result.
Thereafter using the SBP-properties in (I2)) and ([37)) yields

d isc isc

EHUHEI + 20T (STMS ® E)U = 2(U, F),, + BT 4 BTRise (42)

where
BTYe = UL AUy — 2ULE(SU)o + 2(UL o + (SU)Evo )€o (43)
S

BTR® = —UL AUy + 2ULE(SU) N 4 2[Uk pn + (SU) N )en

where & y are given in [B8). If BTP*“ and BTR*“ are non-positive for zero data the
scheme is stable. This can be achieved if ug, vo, uny and vy are chosen freely, but the
scheme should also be dual consistent. It turns out that in some cases these requirements
are impossible to combine, for example when having Dirichlet boundary conditions. We
therefore need an alternative way to show stability.

First, we assume that the penalty parameters vy and vy scales with £. Let

vy = —(“:/{0, VN = —5/{]\[. (44)

Next, we take a look at the wide case (which is partly presented in Appendix[A]). Using
a wide counterpart to [@4l), vy = —Ekp and Uy = —EKn, and the later relations in (71I)

and ([2)), we can rewrite (G7D) as
W = DU + (H eg ®Eo)§o +(H 'exy ® EN)gN-
We return to the narrow-stencil scheme (B@l). Inspired by the wide case, we define
W =8U + (M ey ® ko)€o + (M en ® kn)én. (45)
From (&) we compute
WT(M &)W = UT(STMS @ E)U + (2(5U)0 + qoroo + qekinén)’ Ero o
+ (2(SU)N + anEnén + qcﬁoéo)T&fNﬁN

14
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where qo, ¢y and ¢, are given in ([{0). In the general case, ¢. can be non-zero. Since we
want to treat the two boundaries separately, we use Young’s inequality, qc(ﬁﬁli;{,é’ koo +
kT ERNEN) < |qel (fgﬁggﬁofo + 517\}/1%551\7&\7), which leads to

WT(M @ &)W < UT(STMS & E)U + (2(3U)o + groéo)’ Eroko (46)
+ (2(SU)N + qﬁNﬁN)T ErNEN

where ¢ = qo+|qc| = gn+|qcl, as stated in (B9]). Further, we note that multiplying (@3] by
(el ®1I,) and (e, ® I,), respectively, yields the relations Wy = (SU)o + qokoéo + geknEN
and Wy = (SU)n + qero€o + gnrnén. Instead of using those, which contain unwanted
terms from the other boundary, we define

Wo = (8U)o + qroo Wi = (SU)x + grnén. (47)
Inserting the relation (@8] into ([@2]), we obtain

d — —_—

E||U\|;§ +2WT(M @ &)W < 2(U, F),, + BTP#e 4 BTRe (48)
where ([A3]) and ([47) together with (@4]) yields

BTP#e = UL AUy — 20T EWy 4 2(UL (1o — quo) — W vo)éo

- N - (49)
BTRe = _ULAUN + 2ULEWN + 2(U% (un + qun) — Wihvn)én.

If the penalty parameters make /B\T/f ise. < (0 and /B\”fg“c' < 0 for zero data, (36]) is stable.
Again taking the left boundary as an example, we define Uy = [Ul, W{ T and write
the first part of BT in [@J) as

UL AUy — 2U0F EW, = UL AU, (50)

Next, using the relations [B0), (7)) and B8], recalling the assumptions G, = K& and
vy = —EkKp, and thereafter using (A1l from Theorem B2, we obtain

BLUo — g1 = Pr(Pr, +qK1Z>2A8,) " €. (51)
From ({Il) we also get
po — quo = —Z1A(PL+ qKLZoA )™, —vg = =238 (PL+qKLZ,A,)7!

such that the second part of /B\"ff is¢ in ([@9) becomes

2<Ug(u0—QVQ)—WgVQ> f() :2(73;30(EL[70—9L) (52)

15



A dual consistent finite difference method with narrow stencil second derivative operators

where the relations (34 and (5I)) have been used, and where ¥g = —Z A P, ' Now
we can, by inserting (B0) and (52) into ([@J), write

/B\T/f)isc. = ﬁgZﬁo + Zﬁgio (ELﬁo — gL)
which has exactly the same form as BT?%¢ in (I3)). We thus know that /B\T/f ise. < () for
zero data, since Y is computed just as in the hyperbolic case. The same procedure can,

of course, be repeated for the right boundary. We conclude that the scheme (B0l with
the penalty parameters (4I]) is stable.

3.4 Dual consistency for narrow-stencil second derivative operators

The dual problem of (28] is

VT_AVx_gvxx :ga VS [xLaxR]a
HiV +GrVe = g1, T =uzp, (53)
%V"‘?]/{VI:@;, T = TR,
for 7 > 0 and with V(z,0) = Vy(z). The spatial operator in (28] and its dual are thus
0 0 0 0
L= A%— 5.2’ ——A%— .2 (54)

The semi-discrete approximation of (G3]) is

V= (D1 @A)V — (D20 E)V =G+ H (e ® i +5Teg © 75 )€0

. N e (55)
+H (en ® iy + STen @ vy )én,
where
€0 = HVo +9u(SV)o - g, &v = HRVN + Gr(SV)x - Gr.
From (B6]) we see that the discrete operator, corresponding to £ in (B4)), is
L=(Di®A) —(Da®&) —H (e ® o+ 5Teq @ o)l @Hy + e} S®Gr) (56)

- H_l(eN @ un + STey @ vy)(ek @ Hp + XS ® Gr).
Using the relations in (I2]) and (B7), we obtain
L'=H "I"H=—(D;® A) — (D ® &)

- H_l(eoeg ®A) + ﬁ_l ((STeoeg —eped S) ®E)

+H 1(€N€N®A) ((STeNe%—eNeNS)@)E)
—H e @M + 5Te) @ GE) (el @ pl + el'S @ vl
-H 1(6N®H +ST€N®QR)(€N®,UN+€NS®VN)-

16
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However, from (B5]) we see that for dual consistency L* must have the form

(L)% — —(D1 ® A) — (Dy @ €)
—H Meo® 7o+ STeo @ 1) (el @ Hy, + eLS ©Gr)
—H Men @ fin + STen ® i) (eh @ Hp + €5S ® Gr).

Demanding that L* = (L*)9°% gives us the duality constraints

[’HLMOJrA HIvE +5}: jioHr JioGL
Giug —& gLVo voHrL voGr

(57)

[’HR,uN A HRVN £ } _ | enHr NG
Ghun + Grvy UNHr UNGR |
The duality constraints in (B7]) do not depend explicitly on the grid size h. Moreover,
we already know that for the wide case, the penalty parameters in (B3] — even though
they contain the h-dependent constant ¢ — gives dual consistency. Since the generalized
penalty parameters in ([{I]) have exactly the same form (the only difference is that they
depend on another h-dependent constant, ¢) they will also yield dual consistency. We
have thus shown that the penalty parameters in Theorem indeed makes the scheme
([36)) stable and dually consistent.

Remark 3.3. The SAT parameters in Theorem B2l are probably a subset of all parameters
giving stability and dual consistency since the duality constraint (E7) could be used in
combination with some other stability proof than the one presented here.

4 Computing q

We want to compute ¢ = g0+ |g.| = gn +qc| as stated in ([BY) and are thus looking for g,
gn and g, specified in ({@0). For wide second derivative operators, M is equal to H, and is
thus well-defined. When using narrow second derivative operators, M is defined in (31
through Ag = STMS. However, only the first and last row of S are clearly specified. In
for example [4, 13, 5], the interior of S is the identity matrix, and S is then invertible.
Ag is singular (since Ag = (En — Ey)S — H D5, where D5 and the first and last row of S
are consistent difference operators) and thus an invertible S implies that M is singular.

If M and S are defined such that M is singular and S not, which is often the case, we
use the following strategy to find ¢: The relation Ag = ST M S leads to M~ = SA_IST
but smce Ag is singular we define the perturbed matrix AS = Ag + 0Ey and compute
M1 SA 18T instead. This is motivated by the following proposition:
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Proposition 4.1. Define 25 = Ag + 0L, where E; is an all-zero matriz except for the
element (Ej);; =1, with0 < j < N. The inverse of Ag is Zgl = J/6+K; where J is an
all-ones matriz and K; is a matriz that does not depend on the scalar 6. A consequence
of this structure is that the corners of M-t = SE?ST are independent of §, such that

qo = eéFM_leo, qN = e;{,M—leN, Ge = egﬂ_leN = e;{,]f\z_leo. (58)
Proposition [4]] is motivated in Appendix [Bl In Table [[l below we provide the value of ¢
for all second derivative operators considered in this paper. The wide-stencil operators
are given by Dy = D? where D; has the order of accuracy (2,1), (4,2), (6,3) or (8,4),
paired as (interior order, boundary order). For these operators, the ¢ values are obtained
directly from the matrix H. For the narrow-stencil operators, the ¢ values are computed
according to Proposition Il All examples in Table [Il except the narrow (2,0) order
operator, refers to operators given in [13].

Order Type qh Comment
2,0  wide 2
41  wide 48 ~ 2.8235
6,2  wide 1200 3.1651
8,3  wide %§§§§gg ~ 3.3911
2,0 narrow 1 See Eq. ([3)
2,1 narrow 2.5
4,2 narrow 3.986391480987749 (N =38)
6,3 narrow 5.322804652661742 (N = 12)
8,4  narrow 633.69326893357 (N =16)

Table 1: The g-values (scaled with h) for various second derivative operators.

Remark 4.2. The SBP operators with interior order 6 and higher have free parameters,
and if those parameters are chosen differently than in [13], that will affect g.

Remark 4.3. The quantity ¢ has nothing to do with dual consistency, but indicates how
the penalty should be chosen to give energy stability. As an example, consider solving
the scalar problem presented below in (G0 with Dirichlet boundary conditions, using
the scheme (62). Using the same technique as in Section B3] we find that the stability
demands for the (left) penalty parameter g, in three special cases of v, are

Dual consistent (see Eq. (64))) vy = —¢€ po < —a/2 —eq
Method 1 (dual inconsistent) vg =0 po < —a/2 —eq/4
Method 2 (dual inconsistent) vy =¢ o < —a/2.

The two latter approaches are frequently used but they do not yield dual consistency.
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5 Examples and numerical experiments

In this section, we give a few concrete examples of the derived penalty parameters and
perform some numerical simulations. We demonstrate that these penalty parameters
give superconvergent functional output not only for the wide second derivative operators
but also for the narrow ones. The following procedure is used:

i) Consider a continuous problem on the form (28]), where Gy = K€ and Gr = Kr€
are required. Identify A and By, Bg according to (B0).

ii) Factorize A as A =7 EZT, according to (@), where Z must be non-singular.

iii) Compute Pr, and Pg. From (I0) we see that Py, is the first m, x m+ part of
BrLZ 7T , and correspondingly, that Pg is the last m_ x m_ part of BRZ

BLZ " =[Py Omym, PLRL], BrZ ~=|PrRr Om_m, FR]. (59)

iv) The problem (28)) is discretized in space using the scheme (B6]). Rearranging the
terms in the scheme yields U, + LU = RHS, where L is given in (56]), and where

—1 =—1
RHS=F —H (ey® po + STeq @ vo)gr — H (eny ® un + STen @ UN)Jn-
The penalty parameters pg, g, uny and vy are specified in Theorem

v) If Uy = 0, we have a stationary problem and the linear system LU = RHS must
be solved. For the time-dependent cases, we use the method of lines and discretize
U; + LU = RHS in time using a suitable solver for ordinary differential equations.

Remark 5.1. When we have a hyperbolic problem, step (i) is omitted and step (iv) is
modified such that the scheme ([I1]) is used with penalty parameters given in Theorem 2.6l

In the simulations, we are interested in the functional error E = J(U) — J(U), where
JU) =G, U), JU) =(G,U), and G;(t) = G(z;,t), but of course also in the solution
error e, where e;(t) = U;(t) — U(x;,t). We also investigate the spectra of L, that is the
eigenvalues \; of L, with j = 1,2,...,n(/N+1). Here we are in particular interested in the
spectral radius p = max;(|);|) and in n = min;(R(A;)). (For time-dependent problems
pAt < C'is a crude estimate of the stability regions of explicit Runge-Kutta schemes, and
thus p can be seen as a measure of stiffness. The eigenvalue with the smallest real part, 7,
determines how fast a time-dependent solution converges to a steady-state solution, see
[14].) Ideally, the penalties are chosen such that p is kept small while 7 is maximized. For
steady problems or when using implicit time solvers, other properties (e.g. the condition
number) might be of greater interest.

We start by investigating a couple of scalar cases in some detail, then give an example
of a system with a solid wall type of boundary condition.
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5.1 The scalar case

Consider the scalar advection-diffusion equation,

Ui + aldy — elyy = F, x € [0,1],
a, U+ B, Uy = g1, =0, (60)
aRu+/BRux:gR7 le,

valid for ¢t > 0, with initial condition U(x,0) = Up(z) and where € > 0. Using (B0) yields

"Z:[a _06]7 EL:[QL /BL]7 ER:[QR /BR]

—&

In this case, the factorization of the matrix A can be parameterized as

o 1 atw a—w ﬁ 0 atw a—w 17
A=ZRZ :[2__ 2__} v [2__ 2__} , (61)
S1 S9 - S1 S9

with w > 0. In particular, if w = va? +4¢? and if s, = w(w + a)/2, then the above
factorization is the eigendecomposition of A. The discrete scheme mimicking (G0) is

Ui +aD U — DU = F + H_l(,uoe(] + I/OsTe(]) (OZLU(] + 5L(SU)0 — gL)

1 T (62)
+ H (unen +vnS en) (agUn + B, (SU)N — gr) -
To compute the penalty parameters, Py, = o (ozL + B, %) and Pr = -2 (aR + ﬁR“;—E“’)
are needed, which we obtain using (B9). Theorem B2l now yields
—5 e a
Ho = — 3 vy = — )
Qp + /BL azgw - QBL ap + /BL a25w - q/BL
a—w (63)
3 4f £
UN = atw VN =

ap + B + 4By ap + B +aby
Formally 0 < w < oo is necessary (since in the limits Z becomes singular), but as long as
the number of imposed boundary condition does not change or the penalty parameters
go to infinity, we can allow 0 < w < oo. Below we present some special cases:

For Dirichlet boundary conditions we have o, = a, =1 and 8, = 8, = 0. In this
case the penalty parameters in ([G3]) become

a—+w a—w
D) — qg, vyg = —¢, UN =

o = — — g&, VN =&, (64)
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with 0 < w < co. Translating the penalty parameters for the advection-diffusion case in
[1] to the form used here, it can be seen that they are exactly the same.

With o, = ‘a|2+a, B, = —¢ at the left boundary and «, = |a\2—a7 B, = ¢ at the right
boundary, we have boundary conditions of a low-reflecting far-field type. In this case,
the penalty parameters in ([G3]) become

w+a w—a
—— t+qe —€ - t+qe €
2 2
fo = — s V0= UN=-——ogo——— UN=_——— (65)
w—;\a| 1 ge w—g\a| 1 ge w—g|a\ +qe w—g|a\ +qe
and we see that in the limit w — oo, we obtain ug = —1, v9 =0, uy = —1 and vy = 0.

This particular choice corresponds to the penalty ¥ = —TI used in [2] 3] for systems with
boundary conditions of far-field type.

Remark 5.2. If e = 0 in (G0) we get the transport equation, and then only one boundary
condition should be given instead of two. That means that the derivation of the penalty
parameters must be redone accordingly. See [I], where this case is covered.

Remark 5.3. The results can be extended to the case of varying coefficients. Consider
the scalar diffusion problem U; — (¢U,,), = F with Dirichlet boundary conditions, where
e(x) > 0. Following [12], we define a narrow-stencil operator mimicking 0/0x(0d/0x) as

D = g (_A<;> + (e()Ey — e(O)Eo)S)

where Aéa) is symmetric and positive semi-definite. It is assumed that D;a) = D> holds
when ¢ is constant. The discrete problem becomes

U, — DU = F + H  (pgeo + v05e0) (Uo — g1) + H (unen + v STen) (Un — gz) -

The continuous problem is self-adjoint, so for dual consistency L* = H 'LTH = L is
needed, which is fulfilled if vy = —¢(0) and vy = £(1). Moreover, using AE;) > eminds,
where epin = mingeg 1 €(z), it can be shown that the discretization will be stable if we
choose 1y < —ﬁz—:(O)2 and py < —ﬁs(l)? (The superconvergence for functionals
has been confirmed numerically and the resulting ”best” choices of 1 and py are similar
to what we obtain in the constant case considered below.)

5.1.1 The stationary heat equation with Dirichlet boundary conditions

We consider the heat equation with Dirichlet boundary conditions, i.e. problem (60)
with a = 0, o, 0, = 1 and 3,,5, = 0, which we solve using the scheme (62), with
the penalty parameters given by (64), also with a = 0. To isolate the errors originating
from the spatial discretization, we first look at the steady problem. Thus we let U; = 0
and solve —U,, = F(z) numerically. The resulting quantities p and 7, the solution error
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lle|l,, and the functional error |E| are given (as functions of the parameter w) in Figure [l
The spectral radius p grows with w, so we do not want w — oo. On the other hand,
the decay rate 7 shrinks with w so w — 0 should also be avoided. The errors tend to
decrease with increasing w (the errors naturally varies slightly depending on the choice
of F and G, but the example in Figure [I] shows a typical behavior). Thus the demand
for accuracy is conflicting with the demand of keeping p small (the aim to maximize 7
is met before the aim to minimize the errors and is therefore not a limiting factor in
this case). Empirically we have found that a good compromise, which gives small errors
without increasing the spectral radius dramatically, is obtained using w = ge.

1010 i i 1010
“o—max([\]) ~o—-max([A])
-A-min(Re(\)) -A-min(Re(\))
—+—Solution error —+—Solution error
—k—Functional error —k—Functional error
105*, 10°¢—0-0-o0-o0-o0-0—o
3 .
N N
10° 10%
| Vi
Vi I T
10° : : 10° : :
10 10° 10* 10° 10 10° 10* 10°
Factorization parameter w Factorization parameter w
(a) Interior order 6, wide operator (b) Interior order 6, narrow operator

Figure 1: Properties of L and errors when solving —U,, = F(x) with Dirichlet boundary
conditions. The number of grid points is N = 64, the second derivative operator is 6th
order accurate in the interior, and is either wide or narrow. Here U (x) = G(x) = cos(30z).

From this example, we make an observation. If we would use the eigenfactorization,
we would have w = va? + 4e2 = 2. However, in Figure [[l we see that that choice is not
especially good, since the errors then become much larger than if using w = ¢e, which
is approximately 200 and 340, respectively. In some cases, the difference in accuracy
is so severe that the choice of factorization parameter w affects the convergence rate.
For the narrow operator with the order (2,0), the errors behave as |le|,, ~ h*/? when
using w ~ 1, whereas we obtain the expected ||el|,, ~ h? when using w ~ 1/h. Similar
behaviors are observed also for narrow operators of higher order, see below.

In Figure 2(a) the errors |le||,, for the operators with interior order 6 are shown. For
the narrow scheme, the convergence rate is 4.5 when using w = 2¢ and 5.5 when using
w = ge. For the wide scheme, the order is 4 in both cases, but the error constant changes.
In the 8th order case, Figure [2(b), the convergence rates are not affected, but in the
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narrow case the errors are around 2500 times smaller when using w = ¢e. In this example,
the functional errors are not as sensitive to w as the solution errors. In the 6th order case,
the convergence rates are slightly better than the predicted 2p = 6, both for the wide
and the narrow schemes, see Figure Bla). For the 8th order case, see Figure Bl(b), the
convergence rates are in all cases higher than 2p = 8. Thus the derived SAT parameters
actually produce superconvergent functionals, also for the narrow operators.

10° — 10° —
+-Wide, w=2¢ +-Wide, w=2¢
——Wide, w=qe © ——Wide, w=qe
o Narrow, w=2¢ o) o Narrow, w=2¢
100 L —e—Narrow, w=ge| | 100 L : —e—Narrow, w=ge| |
S S
o} o}
S 107} § 10°
= =
[} [}
o 10710} @ 10710
1018 . . 1018 . .
10t 10° 10° 10* 10t 10° 10° 10*
Number of grid points N Number of grid points N
(a) Interior order 6 (b) Interior order 8

Figure 2: The error |le||,,, for —U,; = F(x). The exact solution is U = cos(30z).

10° — 10° , —
+-Wide, w=2¢ o +- Wide, w=2¢
——Wide, w=qe ——Wide, w=qe
o Narrow, w=2¢ o o Narrow, w=2¢
. 0l —&—Narrow, w=(e| | . 0l e —&—Narrow, w=ge| |
5 10 5 10 +
o % o
IS § IS
5 - 5
g 10 Q- § 10
= c
L™ L 10
1018 . . 1018 . ,
10 10 10° 10* 10 10 10° 10
Number of grid points N Number of grid points N
(a) Interior order 6 (b) Interior order 8

Figure 3: The functional error |E|, using the weight function G(x) = cos(30z).
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5.1.2 The time-dependent heat equation with Dirichlet boundary conditions

Next, we consider the actual heat equation. We solve Uy = el + F(x,t) with £ = 0.01
and the exact solution U(z,t) = cos(30z) + sin(20x) cos(10t) + sin(35¢). For the time
propagation the classical 4th order accurate Runge-Kutta scheme is used, with sufficiently
small time steps, At = 1074, such that the spatial errors dominate. In Figure @ the errors
obtained using the narrow (6,3) order scheme are shown as a function of time.

10° 10°
S S 104 ]
E 3 k’*;:ﬁ~7:77774::,—,;,_7;7_7_77_,_,_
c g , SN 7
o ) \Y4
= 5
o w=2¢, N=32 S 108 1 w=2¢, N=32
n 6 — — w=2¢, N=64 E 10 — — w=2¢, N=64
10 —w=2¢, N=128]] —w=2¢, N=128
..... w=(Qe, N=32 e WE(E, N=32
- =w=qe, N=64 - =w=qe, N=64
—w=qe, N=128 —w=0e, N=128
108 . . . ; 10712 . . . :
0.2 0.4 ) 0.6 0.8 1 0 0.2 0.4 ) 0.6 0.8 1
Time t Time t

(a) Solution error ||el|,

(b) Functional error [E| with G(z) =1

Figure 4: Errors when solving the heat equation using the narrow (6,3) order scheme.

The corresponding spatial order of convergence (at time ¢ = 1) is shown in Table 21
The simulations confirm the steady results, namely that both w = 2¢ and w = g¢ give
superconvergent functionals but that choosing the factorization parameter as w ~ ¢/h
improves the solution significantly compared to when using the eigendecomposition.

w = 2¢ w = q€
N | el Order |E| Order | |e]l, Order |E| Order
32 1 0.480872 — 0.00258741 — 0.029297 — 0.00297573 —
64 | 0.048501 3.3096 0.00002704 6.5804 | 0.000790 5.2121 0.00002315 7.0064
128 | 0.003307 3.8743 0.00000038 6.1559 | 0.000017 5.5131 0.00000039 5.9055

Table 2: The errors and convergence rates at t = 1 for the narrow (6,3) order scheme.

5.1.3 The heat equation with Neumann boundary conditions

We solve Uy = ely, + F(z,t) again, but this time with Neumann boundary conditions,
and the penalty parameters are now given by (63) with a =0, =0.01, o, = o, = 0 and
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B, = Br = 1. In contrast to when having Dirichlet boundary conditions, the spectral
radius p does not depend so strongly on w and therefore we can let w — oco. Figure
shows the convergence rates for the schemes with interior order 6. The exact solution is
U(x,t) = cos(30x) and for the time propagation the implicit Euler method, with At =1,
is used (this is more than enough since the chosen U does not depend on t). We note
that the convergence rates behaves similarly to the Dirichlet case. We could also have
used w = ge here, it gives the same convergence rates as w = oo.

10° — 10° e —————
~+-Wide, w=2¢ +-Wide, w=2¢
——Wide, w=00 ——Wide, w=00
©- Narrow, w=2¢ & ©- Narrow, w=2¢
g 100 L —o—Narrow, w=o0o| | o 100 | —o-Narrow, w=oo| |
o o
5 @
c 5 ©
10 51
.% _5 10
o <
? 10710 T -10
10771
-15
10 - - -15 . .
10* 10? ~10° 10* 10 10! 102 10° 10°
Number of grid points N
a) Solution error |le b) Functional error |E| with G(z) = cos(30x
H
Figure 5:  Errors at time ¢ = 100 when solving the heat equation with Neumann

boundary conditions using the schemes with interior order 6.

5.1.4 The advection-diffusion equation with Dirichlet boundary conditions

For simplicity we consider steady problems again, this time all, = eU,, + F. That is,
we solve (G0) using the scheme (G2]), both with omitted time derivatives. The penalty
parameters for Dirichlet boundary conditions are given in (G4)).

First, we take a look at an interesting special case, namely when F = 0. Then the
exact solution is U(x) = ¢1 4+ cg exp (ax/c), where the constants ¢; and ¢ are determined
by the boundary conditions. For € < |a| the exact solution forms a thin boundary layer
at the outflow boundary, which for insufficient resolution usually leads to oscillations
in the numerical solution. This can be handled by upwinding or artificial diffusion (see
e.g. [16]). Here we will instead use the free parameter w in the penalty to minimize the
oscillating modes (the so-called m-modes).

We start with the wide second derivatives stencils. The ansatz U; = k*, inserted into
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the interior of the scheme (62]), gives (for the second order case) a numerical solution

o o ha h2a?
U = & + S(—1)F + G3kh + 4k, hsa=—=+\ 5 +1

Thus there exist two modes with alternating signs, ¢2(—1)* and ¢4k%. However, one can
show that the choice w = |a| leads to ¢ = 0 and to ¢; being small enough compared
to ¢z such that U; is monotone. Empirically we have seen that this nice behavior holds
also for the wide schemes with higher order of accuracy. In Figure [@] the result using
the scheme with interior order 8 is shown. The solution obtained using w = |a| shows
no oscillations, even though the grid is very coarse. Moreover, this particular choice of
factorization gives functional errors almost at machine precision (although it should be
noted that this is a special case since F(z) =0 and G(x) = 1).

10° ;
—o—Sol., w=0.8|a|
——Sol., w=|a|
o o~ Func., w=0.8|a|
o x- Func., w=|a|
: 10°} @
< | —
2 A S)
n
0.4} 100}
—Exact i T )
0.2 t|—=-w=0.8]a| S
ey YN
=1.25|a
ob—— : : : 107 2 3 4
0 0.2 0.4 0.6 0.8 1 10 10 10 10
X Number of grid points N
(a) The number of grid points is N = 16. (b) The weight function is G(z) = 1.

Figure 6: We solve ald, = €U, with a = 1, ¢ = 0.005 using the wide scheme with
interior order 8. In a) the solutions, in b) the errors |le[,, and |E|.

For the narrow-stencil schemes, the existence of spurious oscillating modes depends
on the resolution. In the second order case, the interior solution is

=~ = (1+4ah/(2e) ’
= (i)

which has an oscillating component if |a|h/(2¢) > 1. With very particular choices of the
penalty parameter this component can be canceled (for the operators with order (2,0) and
(2,1) it is achieved using w = |a|/(1 — éﬁ) and w = |a|(1— ﬁ)/(l — %)2, respectively)
such that the numerical solution becomes constant. As soon as |a|h/(2¢) < 1, this mode
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should not be canceled anymore, but how to do the transition between the unresolved
case and the resolved case is not obvious. For the higher order schemes the w which
cancels the oscillating modes are even more complicated and in some cases negative
(i.e. useless). In short, these particular, canceling choices of w are not worth the effort.
Instead, we recommend to use w = |a| + ge for the narrow-stencil operators, see below.
The above results were obtained under the assumption F = 0. Next, we use a forcing
function F such that the exact solution is U (x) = cos(30z). The resulting errors, together
with p and 7, are shown in Figure [l for @ = 1 and ¢ = 107%. Clearly, w =~ |a] is still a
good choice since the errors are small, p is not too large and 7 is maximal. For € > |a|h
the curves are more similar to those in Figure[[l and w & |a| 4 ¢e will be a better choice.
In the transition region € ~ |a|h we sometimes observe order reduction. This can be seen
in Figures [8 and [ for the schemes with an interior order of accuracy 6. Figure [§ shows
the convergence rates when ¢ = 0.1, which is large enough for the numerical solution to
be well resolved. For the narrow scheme, we see an improved convergence rate for the
solution error if w = |a|+ ge is used. The functional output converges with 2p = 6 for all
schemes. Figure [ shows the convergence rates when ¢ is decreased to 107%, such that
the numerical solution is badly resolved. For all schemes, except the wide scheme with
the particular choice w = |a|, we see a pre-asymptotic order reduction of the functional.

1010 i i 1010
“o—max([\]) ~o—-max([A])
-A-min(Re(\)) -A-min(Re(\))
—+—Solution error —+—Solution error
—k—Functional error —k—Functional error
10% ] 1051
g L
0’ f 0] i
1077 1 10 L L
4 N
4 A
10° : : 10° : :
10 10° 10* 10° 10 10° 10* 10°
Factorization parameter w Factorization parameter w
(a) Wide-stencil second derivative (b) Narrow-stencil second derivative

Figure 7: We solve ald, = elUy, + F(x) with Dirichlet boundary conditions and with
U(x) = G(x) = cos(30x). The number of grid points is N = 64, the interior order is 6.

We conclude that the penalties in Theorem B.2] yields superconvergent functionals for
the advection-diffusion equation with Dirichlet boundary conditions — in the asymptotic
limit. In the special case when having the wide scheme with w = |a| we even get super-
convergent functionals in the troublesome transition region.
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Figure 8: The inner order of accuracy is 6, U(x) = G(x) = cos(30x), a = 1 and € = 0.1.
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Figure 9: The inner order of accuracy is 6, U(x) = G(z) = cos(30x), a = 1 and ¢ = 1072,

5.1.5 The advection-diffusion equation with far-field boundary conditions

We just comment briefly on the far-field boundary conditions and their corresponding
SAT parameters given in ([63)). If |a|h/e is large, the quantities p, n and the errors barely
depend on w (except if F = 0, then the errors are smaller if w ~ |a|). For small |a|h/e,
large values of w give smaller errors and slightly larger 7, whereas p is slightly increased.
In this case, the penalty obtained by taking the limit w — oo, that is ugp = —1, vg = 0,
un = —1 and vy = 0 (corresponding to the penalty used in [2, [3]) is not a bad choice
and it has an appealing simplicity. As before, w ~ |a| + ge also gives good results.
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5.1.6 Reflections from the scalar case

From what we have seen from the numerical experiments so far, the best choice of the
factorization parameter w is not only dependent on the continuous problem at hand (i.e.
the parameters a and ¢ and the type of boundary conditions), but also on numerical
quantities, such as the grid resolution and if the stencils are wide or narrow. In some
cases the factorization has almost no impact, sometimes it makes the system at hand
extremely ill-conditioned or even changes the order of accuracy of the scheme.

In the scalar case it is rather straightforward to optimize with respect to the single
factorization parameter w, but for systems this task becomes non-trivial and one might
have to settle for the factorizations at hand. Nevertheless, we note that the eigendecom-
position is not necessarily the best factorization and that it could be worth searching for
other options. With that being said, next we consider a system and use nothing but the
eigendecomposition for constructing the penalty parameters.

5.2 A fluid dynamics system with solid wall boundary conditions

The symmetrized, compressible Navier—Stokes equations in one dimension (2 = [0, 1])
with frozen coefficients is given by (28)), with

u a 0 0 0 0 0
A=|a u b |, E=e¢| 0 ¢ 0], U=\ u |,
0 b @ 00 4 T

where the constants u, a, b, €, ¢ and ¥ denote suitable physical quantities and where g,
u and T are scaled perturbations in density, velocity and temperature. Let u < 0 and
g,p,% > 0. In this case, two boundary conditions should be given at the left boundary
and three at the right boundary. We impose solid wall boundary conditions (a perfectly
insulated wall) at the left boundary, that is u(0,¢) = T,,(0,¢) = 0. At the right boundary,
we impose free stream boundary conditions of Dirichlet type, as U(1,t) = Us. These
boundary conditions give a well-posed problem. The boundary operators are

1 0 O 0 0 O
HL=[858]79L2[882]7HR= 01 0|, Gg=1]10100
0 0 1 0 0 O

These boundary conditions can not be rearranged to the far-field form and therefore the
penalty used in [2 B] can not be applied. We identify A, By, and Bgr according to (30,
and factorize A using the eigendecomposition. The dual consistent penalty parameters

29



A dual consistent finite difference method with narrow stencil second derivative operators

are now described in (41l), with

00 0 } K —

= [ 00 1/(cy)

o O O
o O O
o O O

As a comparison, we use the alternative penalty parameters (cf. Method 2 in Remark [.3])

—a 0 0 O u a 0 0 O 0
o = 0 0 |, mg=|ep 0|, an=10 @w 0|, oy=|0 —cp O
—b ey 0 0 0 b u 0 0 —ev¢

which give stability (they are chosen such that the boundary terms in (43]) are non-
positive for zero data) but they do not fulfill the demands for dual consistency.

In the numerical simulations we use the exact solution ¢ = cos(7x), u = sin(13x)
and T' = cos(30z) and as weight functions we use G(z) = [1, 0, 07, G(z) = [0, 1, 0]
and G(z) = [0, 0, 1]7 (such that one functional output is obtained for each variable).
Figure [I0 shows the resulting errors when using the schemes with interior order 6. In
the wide case, the solutions do not differ much. In the narrow case, the dual consistent
solution converges one half order slower than the dual inconsistent one (order 4 for p and
4.5 for u, T compared to 4.5 for ¢ and 5 for u,T’), but the result is still as good as in
the wide case. Moreover, recall that in the scalar case the order could be improved by
choosing another factorization than the eigendecomposition, see Figure[B{(a). In Figure [T
we see that the functionals convergence with the expected 6th order for both the dual
consistent schemes, whereas the dual inconsistent schemes yield 5th order.

5 Non-dual, p ' 5 Non-dual, p
100} # v-Non-dual, u|] 100} @ v-Non-dual, u|]
i *-Non-dual, T \ *-Non-dual, T
—o—Dual, p —o—Dual, p
5 —-—Dual, u 5 —-—Dual, u
= —-Dual, T = —-Dual, T
) )
S 10°} 5 10°}
= =
[) [)
n n
1010} 1010}
10t 102 10° 10* 10t 102 10° 10*
Number of grid points N Number of grid points N
(a) Interior order 6, wide operator (b) Interior order 6, narrow operator

Figure 10: Solution errors, for u = —0.5, a = 0.8, b= 0.6, o =1, ¢ =2, ¢ = 0.01.
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Figure 11: Functional errors, for u = —0.5, a = 0.8, b= 0.6, p =1, ¢ =2, ¢ = 0.01.

The diffusion parameter is decreased from € = 0.01 to ¢ = 1075 and the resulting
errors are shown in Figures [[2] and I3l Now the solution errors obtained using the dual
consistent schemes are slightly better than the ones obtained using the dual inconsistent
schemes, but the difference is small, see Figure
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100 v-Non-dual, u| ] 100 v--Non-dual, u| ]
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Figure 12: Solution errors, for 4 = —0.5,a = 0.8, b=0.6, o = 1, p =2, ¢ = 1076,
For the functional errors the difference is more pronounced, see Figure In the

wide case, the dual consistent scheme produces a perfect convergence rate of almost 7.
This behavior was observed already in the scalar case, when the factorization parameter
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was chosen exactly as w = |a| (which for small amounts of diffusion is very close to the
eigendecomposition). For the narrow-stencil schemes the dual consistent scheme still
produces smaller errors than the dual inconsistent scheme, but the order is reduced to 3
(a pre-asymptotic low-order tendency seen already in Figure [0 in the scalar case).
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(a) Interior order 6, wide operator (b) Interior order 6, narrow operator

Figure 13: Functional errors, for & = —0.5, a = 0.8, b= 0.6, p =1, ¢ = 2, ¢ = 107,

Extrapolating from the scalar case, we assume that it could be worth searching for
better penalty parameters for the narrow-stencil schemes when having diffusion domi-
nated problems. However, for convection dominated problems the wide scheme with a
factorization close to the eigendecomposition is hard to beat.

6 Concluding remarks

We use a finite difference method based on summation by parts operators, combined with
a penalty method for the boundary conditions (SBP-SAT'). Diagonal-norm SBP operators
have 2p-order accurate interior stencils and p-order accurate boundary closures, which
limits the global accuracy of the solution to p + 1 (or p + 2 for parabolic problems
under certain conditions). Recently, it has been shown that SBP-SAT schemes can
give functional estimates that are O(h%’). To achieve this superconvergence, the SAT
parameters must be carefully chosen to ensure that the discretization is dual-consistent.

We first look at hyperbolic systems and derive stability requirements and duality
constraints for the SATs. Then we present a recipe to choose these SAT parameters such
that both these (independent) demands are fulfilled. When wide-stencil second derivative
operators are used, the results automatically extend to parabolic problems. We generalize
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the recipe such that it holds also for narrow-stencil second derivative operators.

The 2p order convergence of SBP-SAT functional estimates is confirmed numerically
for a variety of scalar examples, as well as for an incompletely parabolic system. For
low-diffusion advection-diffusion problems, the superconvergence is sometimes seen first
asymptotically. Generally speaking, the narrow-stencil schemes are better for diffusion
dominated problems whereas the wide schemes are preferable for advection dominated
problems.

In most cases the derived dual consistent SAT parameters have some remaining degree
of freedom. The free parameters can be used to improve the accuracy of the primary
solution or to tune numerical quantities such as spectral radius, decay rate or condition
numbers. Optimal choices within these families are suggested for the scalar problems,
however, to do the same for systems is considered a task for the future.

A Reformulation of the first order form discretization

We derive the scheme (BI]) with penalty parameters (33]), using the hyperbolic results.

Step 1: Consider the problem (29]), which is a first order system. We represent the
solution U by a discrete solution vector U = [Ug, UlT, ce U]T,]T, where U,;(t) ~ U(z;,t)
and discretize (29) exactly as was done in ([[I]) for the hyperbolic case, that is as

(IN@T) U+ (In@R)U + (D1 @ A)TU = F + (H 'eg @ X0)(BLUoy — g1

oeoBly (66)
+ (H en @ Xn)(BRUN — gr)-

As proposed in Theorem 2.6] we let ¥ = —Z+Z+FL_1 and Yy = Z_Z_Fgl.
Step 2: We discretize (28] directly by approximating &/ by U and U, by W. We obtain
U+ (D @ AU — (D @ EYW = F + (H ey @ 00)(HUs + GLWo — g1)

+(H 'en ® on)(HrUy + GrWn — gn),

(In®EW — (D) ® E)U = (H ey @ 70)(HUo + G Wo — g1)
+ (H ey @ 78)(HRUN + GrRWN — gr).

(67a)
(67b)

If S = [of , 777 and S = [o];, 74]7, then (B7) is a permutation of (66).

Step 3: The scheme in (67)) is a system of differential algebraic equations, so we would
like to cancel the variable W and get a system of ordinary differential equations instead.
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Multiplying (67h) by D = (D; ® I,,) and adding the result to (G7al), yields

Ui+ (D1 @ AU — (D3 @ E)U = F + (H ey ® o9 + D1 H 'eg @ 10)X0
+(H 'exy ® on + D1H ey ® 7v)Xn,
where
Xo=HUo +GrWo — g1, v = HrUy + GrWx — ga. (68)
Next, using the properties in ([I2]), together with the fact that H is diagonal, we compute
DiH Yeg = H*(—gIn — D )eo, DiH ey = H Y (qIn — D )en,
where 7 is the scalar § = el H leg = ek, H len given in (B5). This yields
U+ (D@ AU — (D20 &)U =F+H '(eo ® (00 — Gro) — DTeo ® 10)%0 (69)
+ H '(en ® (on +@rn) — DT en ® )X,

vﬂlere H = (H®1,). However, the boundary condition deviations Yo and Y still contain
W, so we multiply (67H) by (ef ® I,) and (ek; @ I,), respectively, to get
EWo — E(DU)y = Gro, EWn —E(DU)y = Graxy. (70)
Next, we need boundary condition deviations without /W, and define
€0 = HrUo + Gr(DU)o — g, v = HrUy + Gr(DU)N — gx.
Recall that G p = K rE. Using ([0]), we can now relate EO,N above to Xo n in (G8) as
€0 = (Im, — 7K 170) 0, En = (I — GKRTN)XN, (71)

where I, and I,,,_ are identity matrices of sizes corresponding to the number of positive
(my) and negative (m_) eigenvalues of A, respectively. Inserting Xo n from (Il into
([69) allows us to finally write the scheme without any W terms and we obtain (31I), with

fio = (o0 — qr0) (L, — @Kr70) ", vo = —710(Im, —qKr70) ", (72)
fin = (o8 +qrn)(Im_ — GKrTN) ", N = —78(Im_ — GKrTN) "

From Step 1 and 2 we know that

s} _ ON o

T | ’ ™ |
where Zj 934 are given in ([34). Inserting the above relation into (72), we obtain the
penalty parameters presented in (33]).

ZsA_Pp '
Z.\A_Pj'

Z\A, Py’
Z,A, P,

Y
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B Motivation of Proposition 4.7]

In Proposition [f.J] we claim that the inverse of Zg = Ag+0FE;is J/0+ K;. We motivate
this below, for j = 0. First, we name the parts of Ag and present the structure of Ky as

a ar 0 07
ASZ[@* A}’ KO:[(? 21—1]

Since Ag consists of consistent difference operators, it does not ”see” constants. There-
fore, Ag.J = 0 (since J is an all-ones matrix) and @ + Al = 0, where 1 = [1,1,...,1]".
Moreover, due to the special structure of Ky, we know that FyKy = 0. Thus we have

0 1

T A-1 7T
(AS+5E0)(J/(5+K0):A5K0+E0J: |:£ @A _+1 :|:[.

The simplest possible example is the narrow (2,0) order operator in Table[I] specified by

0 1/2

Dy = — U , with H=h . (73)

Using ([B7) and the above structure of K, respectively, we obtain

-1 1 i [0 0 ... 0 0

X X X X X 0o 1 ... 1 1
S:% : : : : : ’ Ko=h oo . : :

X X X X X 01 ... N—-1 N-1

i -1 1 | | 01 ... N—-1 N ]

The interior rows of S are marked by x’s because they are unknown. Next, we compute

1 x ... x 0
) X X ... X X
M~ =SAST = §(J/6+ Ko) ST = K
X X ... X X
| 0 x ... ox 1]

Just as Ag, the difference stencils in the first and last row of S do not ”see” J. Therefore,
the corner elements of M1 only depend on Ky and are independent of 6. We conclude
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that when M is singular and S is non-singular the constants in (40)) can be computed
using (B8]). In this case we get qo = gy = 1/h and ¢. = 0, such that ¢ = 1/h.

In addition to the operator discussed above, we use the diagonal-norm operators in

I3].

For the higher order accurate operators found in [13], g varies with N. For example,

for the narrow (4,2) order accurate operator, we have

N qoh qch qh

8  3.986350339808304 0.000041141179445 3.986391480987749
9 3.986350339313381 0.000002953803786 3.986353293117168
10 3.986350339310830  0.000000212073570  3.986350551384400
11 3.986350339310817 0.000000015226197 3.986350354537014
12 3.986350339310817 0.000000001093192  3.986350340404008

Since the values do not differ so much, it is practical to use the largest value, the one for
N = 8, regardless of the number of grid points.

References

[1]

J. Berg and J. Nordstrém. Superconvergent functional output for time-dependent
problems using finite differences on summation-by-parts form. Journal of Compu-
tational Physics, 231(20):6846-6860, 2012.

J. Berg and J. Nordstrom. On the impact of boundary conditions on dual consistent
finite difference discretizations. Journal of Computational Physics, 236:41-55, 2013.

J. Berg and J. Nordstrom. Duality based boundary conditions and dual consistent
finite difference discretizations of the Navier—Stokes and Euler equations. Journal
of Computational Physics, 259:135-153, 2014.

M. H Carpenter, J. Nordstrom, and D. Gottlieb. A stable and conservative in-
terface treatment of arbitrary spatial accuracy. Journal of Computational Physics,
148(2):341-365, 1999.

S. Eriksson and J. Nordstrom. Analysis of the order of accuracy for node-centered
finite volume schemes. Applied Numerical Mathematics, 59(10):2659-2676, 2009.

D. C. Del Rey Fernandez, J. E. Hicken, and D. W. Zingg. Review of summation-by-
parts operators with simultaneous approximation terms for the numerical solution
of partial differential equations. Computers € Fluids, 95:171 — 196, 2014.

B. Gustafsson, H.-O. Kreiss, and J. Oliger. Time-Dependent Problems and Differ-
ence Methods. John Wiley & Sons, Inc., 2013.

36



A dual consistent finite difference method with narrow stencil second derivative operators

8]

[11]

[12]

[13]

J. E. Hicken. Output error estimation for summation-by-parts finite-difference
schemes. Journal of Computational Physics, 231(9):3828-3848, 2012.

J. E. Hicken and D. W. Zingg. Superconvergent functional estimates from
summation-by-parts finite-difference discretizations. SIAM Journal on Scientific
Computing, 33(2):893-922, 2011.

J. E. Hicken and D. W. Zingg. Summation-by-parts operators and high-order
quadrature. Journal of Computational and Applied Mathematics, 237(1):111-125,
2013.

H.-O. Kreiss and J. Lorenz. Initial-boundary value problems and the Navier-Stokes
equations. Academic Press, New York, 1989.

K. Mattsson. Summation by parts operators for finite difference approximations
of second-derivatives with variable coefficients. Journal of Scientific Computing,
51(3):650-682, 2012.

K. Mattsson and J. Nordstrom. Summation by parts operators for finite dif-
ference approximations of second derivatives. Journal of Computational Physics,
199(2):503-540, 2004.

J. Nordstrom, S. Eriksson, and P. Eliasson. Weak and strong wall boundary pro-
cedures and convergence to steady-state of the Navier-Stokes equations. Journal of
Computational Physics, 231(14):4867-4884, 2012.

J. Nordstréom and M. Svard. Well-posed boundary conditions for the Navier-Stokes
equations. STAM Journal on Numerical Analysis, 43(3):1231-1255, 2005.

A. Quarteroni, R. Sacco, and F. Saleri. Numerical Mathematics. Springer-Verlag,
2000.

B. Strand. Summation by parts for finite difference approximation for d/dx. Journal
of Computational Physics, 110(1):47 — 67, 1994.

M. Svérd and J. Nordstrom. On the order of accuracy for difference approximations
of initial-boundary value problems. Journal of Computational Physics, 218(1):333—
352, 2006.

M. Svard and J. Nordstrom. Review of summation-by-parts schemes for initial-
boundary-value problems. Journal of Computational Physics, 268:17-38, 2014.

37



	1 Introduction
	1.1 Preliminaries

	2 Hyperbolic systems
	2.1 Well-posedness using the energy method
	2.2 The semi-discrete problem
	2.3 Numerical stability using the energy method
	2.4 The dual problem
	2.4.1 Well-posedness of the dual problem
	2.4.2 Discretization of the dual problem

	2.5 Dual consistency
	2.6 Penalty parameters for the hyperbolic problem

	3 Parabolic systems
	3.1 Discretization using wide-stencil second derivative operators
	3.2 Discretization using narrow-stencil second derivative operators
	3.3 Stability when using narrow-stencil second derivative operators
	3.4 Dual consistency for narrow-stencil second derivative operators

	4 Computing q
	5 Examples and numerical experiments
	5.1 The scalar case
	5.1.1 The stationary heat equation with Dirichlet boundary conditions
	5.1.2 The time-dependent heat equation with Dirichlet boundary conditions
	5.1.3 The heat equation with Neumann boundary conditions
	5.1.4 The advection-diffusion equation with Dirichlet boundary conditions
	5.1.5 The advection-diffusion equation with far-field boundary conditions
	5.1.6 Reflections from the scalar case

	5.2 A fluid dynamics system with solid wall boundary conditions

	6 Concluding remarks
	A Reformulation of the first order form discretization
	B Motivation of Proposition 4.1

