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Finite difference schemes with transferable
interfaces for parabolic problems

Sofia Eriksson Jan Nordstrom

Abstract

We derive a method to locally change the order of accuracy of finite difference
schemes that approximate the second derivative. The derivation is based on
summation-by-parts operators, which are connected at interfaces using penalty
terms. At such interfaces, the numerical solution has a double representation,
with one representation in each domain. We merge this double representation
into a single one, yielding a new scheme with unique solution values in all grid
points. The resulting scheme is proven to be stable, accurate and dual consistent.

Keywords: Finite difference methods, summation-by-parts, high order accuracy, dual
consistency, superconvergence, interfaces

1 Introduction

We consider summation-by-parts (SBP) finite difference methods with weakly imposed
boundary and interface conditions using simultaneous approximation terms (SAT). The
main advantages of the SBP-SAT technique are high accuracy, computational efficiency
and provable time-stability. For a background on the SBP-SAT technique, see [16, 5].

At SAT interfaces, the numerical solution has a double, collocated representation,
with one solution value belonging to each side of the interface [2, 12]. The two values are
allowed to deviate slightly from each other. SAT interfaces are useful when generating
grids for complex geometries or — as in our case — when changing the properties of the
scheme in parts of the computational domain. However, if the interface must be moved
during the computation, e.g. to keep track of a moving shock, it is more convenient
that the solution is single-valued at each grid point.

Our approach to derive such single-valued interfaces, is to use the double-valued
SAT interface treatment as a starting point, merge the double representation at the
interface into a single one and obtain a new set of operators. This was done in [4]
for hyperbolic problems and here we extend that methodology to parabolic problems.
These new operators will make it easier to switch the order of accuracy locally, in for
example Navier—Stokes calculations, when shock capturing or sharp gradient resolution
for course meshes is required.

The paper is organized as follows: In Section 2, we present our parabolic model
problem; the heat equation with an artificial interface. This problem is discretized in



space in Section 3, using a standard SAT interface. Next, in Section 4, we merge the
double representation at the SAT interface into a single representation, giving us the
new scheme, which is shown to be stable, accurate and dual consistent in Section 5. The
theoretical results are confirmed by numerical experiments in Section 6, and a summary
is given in Section 7, concluding the paper.

2 The model problem

To introduce our technique, we consider the one-dimensional scalar heat equation, with
an interface at an interior point z, as

uf = eut
uft = eul

T

- r €y = [0,.@], (1)
RS QR = [i’, 1],

which is complemented with an interface condition at x = Z, boundary conditions at
x = 0,1 and initial data at t = 0.

2.1 Well-posedness

The problem (1) is well-posed if it has a unique solution and if it is bounded by data,
see [13, 7]. To show boundedness, we use the energy method.

We multiply the two equations in (1) by u™® and integrate over their respective
domains. Using integration by parts, and thereafter adding the two results, yields

d
7 ("I + 11 1%) + 22 (fluz | + [lwf]?) = BT +1T (2)
where |Jul|? = fol u?dz. To make the presentation clear, we ignore the boundary terms
BT = — 2zulul| +2eu™ul|, and focus on the interface terms IT = 2¢ (u'ul — u"ul)|_.
We need IT < 0 to bound the growth of the solution. Here we aim for an artificial
interface and first demand continuity, that is u"|; = u®|;. To achieve IT = 0, we also
need ul|; = ul|;. Hence, the interface conditions related to (1) are

u™(2,t) = u®(2,1), ub(2,t) = ul(2,1). (3)

3 Discretization

We use the method of lines and discretize the spatial domain Q = [0, 1] using N + 1
equidistant grid points x; = jh, where h = 1/N is the grid spacing and j =0,1,..., N.
Next, we introduce a numerical interface at &, where z coincides with some interior grid
point ;. This gives us NV, + 1 grid points in 2, and Ny + 1 grid points in €2y, where
Ny, =1 and Ng = N —i.

3.1 The SBP operators

Let the vector f = [fy, f; ..., fy]T be a discrete representation of the continuous function
f(z,t), such that £;(¢) = f(x;,t). A discrete differential operator Dy, that approximates
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0/0x such that (D:f);(t) =~ f.(x;,t), is an SBP-operator if it can be factorized as
=P7'Q, P=P">0, Q+Q" = Ey — Ey, (4)

where Fy = eyel, Exy = eyel, e, =[1,0,...,0]" and ey = [0,...,0,1]7. Later we use
that P is diagonal, and hence D; consists of central, 2p-order accurate finite difference
stencils in the interior and one-sided, p-order accurate stencils at the boundaries [9, 14,
10].

To approximate the second derivative operator 9%/9z* we use the operator D,, and
— in addition to consistency — demand that it fulfills the SBP properties

Dy =P (~A+eydy —eydy), A=AT >0, (5)

where dJf ~ f,(0,t) and A\ f ~ f,(1,t). For stability A+ AT > 0 suffice, but for dual
consistency we need A to be symmetric [3]. The notations > and > refer to positive
definite and positive semi-definite matrices, respectively, and the vectors ey, ey, dy and
dy have dimensions (N + 1) x 1.

The form of D, in (5) is consistent with the wide-stencil case where DY = D%, since
we, using the properties in (4), can write Dy = P~1(—=D]PD; + eyel,D; — e el D).
Identifying the terms in (5), we see that in the wide-stencil case they are

AY = D! PD, dy = Dfey, v = Dley.
In the general case (including narrow-stencil operators) we let
A=STMS, do = STey, dy = STey, (6)

where the first and last row of the matrix S are consistent difference stencils [2]. The
interior of S is not uniquely defined and neither is the matrix M, but they can be
chosen such that M > 0. The operators used in this work can all be found in [11].

3.2 The SAT interface treatment

We return to the two coupled heat equations in (1). Let upr denote the semi-discrete
approximations of u*®. We approximate 9%/0z% by Dy, and Dyx in the two domains,
respectively, both fulfilling the properties in (5). However, since we ignore the outer
boundaries, we simplify and write

Dy = P ( Ay + eNLd—I\— L) Dyr = Pﬁl (_AR - eo,RdoT,R) ) (7)

for ease of presentation. The vectors uy, ey, and dyy, have dimensions (N, + 1) x 1

and the vectors ug, eyr and dor have dimensions (Ng + 1) x 1, where N, + Ny = N.

The two interface conditions from (3) are imposed using penalty terms proportional

to e} u; —e( yuy, which approximates u" (&, t) —u"(z,t), and to dj u, —d] yuy, which
approximates u-(#,¢) — ul(#,t). The spatial discretization of (1) is thus given by

d

EUL = EDQ LLIL + P
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where the penalty parameters O'i 234 and R

(8) becomes accurate, stable and dual COHSlstent.

1234 ill be chosen such that the scheme

Remark 3.1. Choosing aﬁ_’R # 0 affects the spectrum of the final operators strongly,
easily making the resulting new scheme very stiff, but for the sake of generality we keep
these parameters in the derivations.

3.3 Dual consistency

We will choose the penalty parameters ai’_?{m above such that the scheme becomes dual

consistent [8]. We start by rewriting (8) more compactly, as
d
—u = L, 9
pp (9)

[ —¢ [ Dy, 0 ] L Pl [ Ui?ML +U%2dN,L ] gT 4 p! [ U?ﬁ?zv,L +UifN,L } dT
—ORC)R — UR,do,R —ORC)R — URdo,R

=]}

_ | uL 5 P, 0 _ €N,L 3 dN,L
ol £ R 8 FR e I R [ B

Note that the differences between the double interface representations can be expressed
as 81 = eLLuL eOTRuR and dTd = dNLuL dOT’RuR The vectors @, € and d have
dimensions (N +2) x 1, and L and P are (N + 2) x (N + 2)-matrices.

Now consider a continuous equation u; = Lu, where L is a linear, spatial differential
operator. Its so called dual (or adjoint) equation is —v; = L*v, where the dual operator
L* is specified by (v, Lu) = (L*v,u) and where the inner product is (v,u) = f01 vudz.
For a scheme u; = Lu to be a dual consistent approximation of u; = Lu, we need L*,
where L* is the discrete dual operator, to be a consistent approximation of £*. Using
the relation (V, L) = (L*V,U)p, with (¥, i) = V' P, one finds that the discrete
dual operator is L* = P~1LTP [1].

In our case we consider u; = €u,,, thus £ = £9%/0x?. Next, we note that L is a self-
adjoint operator, since £L* = £9?/0z*. This means that for (9) to be dual consistent, not
only L but also L* must be a consistent numerical approximation of £ = L* = £9?/0x?.

We compute the discrete dual operator L* = P~'LTP. Using the SBP-properties
(5) (here we need Ay, Ar to be symmetric) we obtain

LF— ¢ {DZL 0 }_’_p—l {(Uiel\:L + (Ui + €>dN,L>eL,L _<O-%{eN,L + U?f{dAf,L)eoT,R, }

0 Dagr _(Uieo R T Uido R)eLL (U%{,eO,R, + (U?fz - g)d(),R)eOT,R
+ P {((‘72 8)eNL +0—LdNL)I_d—I\—L _2(0%{GAN:L +U%{(1N,L)d(II§|_ ]
(ULeo R T ULdo R)d (o + 5)903 + UR,do,R)do,R

For L* to be a consistent approximation of £* = £9?/9z?, it must have the same form as
L in (9). To be exact, the penalty portion of L* must consists of one part proportional
to € and one part proportional to d. This is only possible if the relations

1 _ 1 3 _ 3 2 2 4 4



hold. The proportionality with € and d is necessary since it means that the coupling

ol S>T—> T T ~ 1T~ 3T . AaT ~ .
conditions € 'U = eyju;, —eypuy ~ 0 and d'u = dyu;, — djruy ~ 0 are imposed.

If the penalty part of L* does not have this form, some other coupling conditions are
imposed on the dual problem. The specific choices in (11) leads to

1 3 2 4

¥ — Dor, 0 p-1| 9renL T opdyy | 4T p-1| 9RenL T ordyy, dT

¢l 0o D + —ote,, —od e —ole,, —oid ’
2R L®0R LY%0.R L®0,R LY R

which indeed is a consistent approximation of €9?/9z?.

3.4 Stability

We multiply the two equations in (8) by uj P, and uf, Py, respectively. By adding the
results, we obtain the discrete analogue to (2),

d
— (uIPLuL + uEPRuR) + 2¢ (uIALuL + uTP;ARuR) =

dt
e%}LuL + eg,RuR "To 0 0 0 eTMLuL + e&RuR (12)
B e}’LuL — eJ_yR‘uR 0 20 ¢ ol+o} e}_’LuL — eUTRuR
| dypup +djgug 0 £ 0 0 dyu, +djgug |’
dj u, —djzuy 0 o2+02 0 20 dj u, —djzuy

where we have used the dual consistency demands (11). To show stability, the quadratic
form above (containing the interface deviations) must be non-positive. However, the
related matrix is indefinite for all € # 0, regardless of the choice of penalty parameters.
To get around this, we use a variant of the technique in [3]. As indicated in (6),
let dy, = Sfeyy, dor = Sgegg and Ay = S M| zS;r. We define the auxiliary
variables wy, = SLuL—%ML_leML(eX:LuL—e;{RuR) and wi = SRuR—%MgleO’R(e}’LuL—
ejruy) and compute
1

T T T T T T T 2
wy Myw, =upApu; — dMLuL(eMLuL - eo,RuR) + ZQL(eN,LuL - eO,RuR) ) (13)
13

1
T T T T T T T 2
wiMpwy = ugAgug — dygug(ey ug, — e pug) + ZQR(eN,LU—L — €yrug),
where ¢, = eA‘I‘:LML_le]\,?L and qr = eg—_’RMgleOR. By replacing the terms u] A;u; and
ul Aguy in (12) using the relations in (13), we obtain another discrete analogue to (2),

d , + N . ]
& (ULPLUL + uRPRuR) + 2¢ (WLMLWL + WRMRWR) _
T

= e;V’LuL _ egT’RuR ] { 2 (o1 +2§qL ‘; jar) ot +40?L’ ] { e&LuL — enguR
dyiu = dortin ot + o7, 207, dypup, —dyrug

Our particular choice of auxiliary variables wi, and wg has removed the problematic
mixed terms in (12). The scheme will be stable (and dual consistent) for all sets of
interface penalty parameters having the form

qutqrn  oi=s+¢/2 o} =s3—¢/2

4 4 _
T ol—s—e/2 oh—syte2 T onT s (14)

1 _ 1 _

where the parameters s; 534 must fulfill s; <0, s4 <0 and (sg + s3)% < 4s;54.
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Remark 3.2. Just as St gpup g, the auxiliary variables wi, g, which have been modified
with penalty-like terms, are consistent approximations of u, in the first and last row.

Remark 3.3. For narrow-stencil second derivative operators, the stability demands on
the penalty parameters actually depend on both boundaries. Here we have neglected the
outer boundaries when defining the auxiliary variables wy g, but if they are included in
the derivation, it affects g, g slightly. This modification (insignificant for fine grids), is
accounted for in the g-values tabulated in [3].

4 Transformation into a single-valued interface

Equipped with a stable and dual consistent multi-domain formulation, we now turn to
our main task. Using (7) and (14), the scheme (9) can be written

(€/2+ s2)dn1 } g7
(/2 — s9)dor

d

__):_ p-1
T eP {0 Ap

U+op P 'e8Tdi+ P! [
(15)
(5/2 + Sg)dML

!
(c/2 - 5)don } U+ s, P 'dd .

+ P'8 {
Note that both e-&LuL and eS:RuR iné’™d = e:{iLuL — eg—yRuR ~ ( are approximations of
the exact solution value u(z,t). Our aim is to modify the scheme such that it operates
without this double representation at the interface.

4.1 Derivation of the new scheme

We start by defining the matrices K and I. Their respective purpose is to merge and to
duplicate interface values. They are similar to the identity matrix, but their dimensions
are (N +1) x (N +2) and they are modified in the interior: Around row 7 and columns
? and 7 4+ 1 they have the entries

N 1 0 0 0 N 1000
K = 0 al—a 0 . 1= 0110 . (16)
0o 0 0 1 0001

where v = e | Prey/(el Preyy + €l rPreyr) For later reference, we note that
I 7N = (e +cp)e, el K = N e =10,...,0,1,0,...,0]T, (17
e e oK =] M0 L e roan

where ¢ r are arbitrary scalars and e; is a (/N + 1) x l-vector, non-zero only in row
7. In particular, note that /é = (1 — 1)e; = 0, where € = [0,...,0,1,—1,0,...,0]" is
given in (10).

Proposition 4.1. Consider the diagonal matriz P in (10). With K and I as specified
in (16), the relation KP~* = P~'I holds, where P is defined as P= 1 PI".
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: T — T
Assumption 4.2. ey ;u; = ej zup.

Corollary 4.3. Assumption 4.2 leads to the relation U = TTf(ﬁ, where U is given in
(10) and K and I are given in (16).

Corollary 4.3 and Proposition 4.1 are proven in [4]. For completeness we provide
the proofs in A.

We are now ready to derive the new scheme: Since we aim for a single solution
value at the interface instead of two, we multiply our original scheme (15) by K from
the left. We thereafter use K P~! = P~'T from Proposition 4.1, yielding

~d_ Ay, 0 | o 1 5-1722T= , 517 | (€/2+s2)dnL | 27~
KE G=—cP I[ 0 AR]u—i_ULRP lee'u+P 1 (/2 — s)don e u
T
$PTe | R P Tdd

Let K be constant, such that Kd, = (Kd), and define 1 = K. The vector U is one
element shorter than d and identical to U in all points, except at the interface, where
eju=ael u + (1 —a)ejzug.

Next, Assumption 4.2 yields € ' = e} ;u; — ejzuy = 0, which removes the first
two penalty terms above. The relation 1€ = 0 from (17) removes the third penalty
term. We proceed by replacing Kt by u and thereafter, using Corollary 4.3, every
remaining u by [ ITKd = I70. These steps yield

A0 ] a4 s, P 17ddTT g

d o~
—Uu=—-eP ']
dt { 0 Ar
with s4, <0 as an optional damping parameter.

If the second order accurate narrow-stencil operator is used in both domains, s, = 0
will result in the second order stencil in the whole domain, without any special features
at the interface. Moreover, numerical experiments suggests that sy # 0 worsens the
condition number of the matrix —eP~'A + s,P~11ddT 1T, where A is defined below.
This, in addition to simplicity, speaks in favor for s; = 0. Wlth that choice, our final
scheme is

d

d- 5o _ P, 0 |57 Ay, 0 |57
pri eP™ Au, P= [{0 Py I, A=1 0 Ay 1. (18)

This concludes the derivation. At this point we can forget Assumption 4.2, since (18)
is a new scheme, independent of the original one.

5 Properties of the new scheme

In the derivation of the new scheme (18), we rather boldly required that the original
solution vector u fulfilled Assumption 4.2, and initially the new solution vector u was
related to u. Below we show that our final scheme (18) is in fact a stand-alone scheme,
with the SBP-properties preserved.



5.1 Stability

First, it is easily seen that the scheme is stable, since P>0and A>0. Multiplying
(18) from the left by u' P, we directly obtain the energy decay

d /1~ T~

— (uTPu> +2¢u' Au = 0.

dt
Exploiting that [ Ta = [u{, uy|", where uy, refers to the left part of u (including the
interface value el 1) and uy refers to the right part of u (also including e 1), we can
rewrite the above growth rate in an equivalent form, as

d _ . . . ~ ~ ~ ~
" (uf PLug, + uf Prug) + 2¢ (0 Apug 4+ upAgug) =0,

which more clearly resembles (2). Recall that we omit the contribution from the outer
boundaries.

5.2 Accuracy

Next, we show that the new scheme is accurate. Using (5), Proposition 4.1 and (17),
the scheme (18) can be rewritten as

d

dtu—eK[ ~ }—5P ‘e;(dyur, — djzUg). (19)

Evaluating (19) point-wise, we obtain

d - - ~ ~_ - -
&(egu) = g(oz(DQ,LuL)NL +(1- oz)(DzRuR)g) —ce/ P 1ei(dkLuL — dOTRuR)

at the interface and

d ( TN) _ 8(D27LﬁL)j 0 S j <
e u 1<y

elsewhere. At the interface, the scheme is hence nothing but two one-sided operators
weighted together, plus an in-built internal penalty on the second interface condition.

Let u, u; and u, denote the exact solution (projected on to the grids in €2, £}, and
Qg, respectively). Note that e} u; = e]u = ejzup. Inserting u;  into (8) yields the

truncation errors

d

T} = R —eDyruy, — P (oteny + ULdNL)<dNLUL doT,RQR)a
d

T} = AT eDorug — Pyt (0heqr + U%adO,R/)(doT,RQR - d:{/,LuL)a

and inserting w into the new scheme (19) produces the truncation error

] +eP~ e,(d\ LU — d()T,RQR,)‘



With the penalty parameters in (8) chosen according to (14), it can be shown that

oL N (T2); 0<j<i
Te =K |: TeR :| ) e;!—Te = Oé(TeL)NL + (1 - Oé)(TeR>07 j =1
¢ (T2 i<js N

The truncation errors from the original SAT interface scheme and from the new scheme
are thus identical, except at the interface. Just as for the original scheme, the global
order of accuracy of the new scheme is the same as that of the operator Dy, or Dy
which has the lowest order.

5.3 Dual consistency

Finally, let L = —eP~14 denote the linear, spatlal operator in (18). Computing its
dual operator as L* =P~ 1LTP we obtain [* = —eP AT = L, where the last equality
holds since A is symmetric. Thus L is self-adjoint and the scheme (18) is dual consistent
(given that the outer boundary conditions are imposed in a dual consistent manner).

6 Numerical simulations

The technique to merge SBP operators was introduced for the first derivative operator
in [4]. In order to be able to handle elliptic and parabolic problems without using the
first derivative operator twice (with known drawbacks), we have in the present work
extended the technique to second derivatives. To investigate the properties of the new
operators and to demonstrate that they work in standalone mode as well as together
with the first derivative operators, we will consider three different model problems. We
start by solving a couple of steady problems to confirm the stated spatial properties
of the new operators. Thereafter, we consider a time-dependent problem. Below we
present the semi-discrete scheme which (with modifications) will be used for all three
problems.
Consider the advection-diffusion equation with Dirichlet boundary conditions,

U+ auy = cug, + f,  x € (0,1),
u =g, x =0, (20)

u = gg, r =1,
where f, g; and g are given data. We want to solve (20) using the new scheme
517 -1(_7% a7 7
w +aP Qu=¢cP (—A+eNdN - eodo) u-+f
+ P! (p10€0 + vodo) (eju — gy (21)
+ P~ (pney + vndy)(eyu — gg),

where f is the restriction of f to the grid. P and A are given in (18), and the difference
matrix Q = 1Q 17, with Q given below, was derived in [4]. Moreover, since we now



include the outer boundaries, we need dy=I1S5TI"ey and dy = IST1 ey, with S
given below (together with M which is needed for the penalty parameters). We have

N QLO _SLO _MLO
o[ a] s[ra] m[Ea]

where (), are both fulfilling (4) and where Sy g and My r are associated with Ay in

wl
<

A, as specified in (5) and (6). In (21), we use the penalty parameters

a + wry,
2
4 — WR

HUN = 5

Ho = — — qL¢&, Vg = —¢, wy, > 0,

(23)

— ¢RE, VN =€, WR > Oa

from [3], which are designed to give a stable and dual consistent numerical solution.
For g, = ef IM~'1Tey = el M; e, and qr = e[ IM~'ITey = el My eyy, we
use the values tabulated in [3]. In B we show that (21) with (23) is stable.

6.1 The Poisson equation

We employ the method of manufactured solutions, and start by solving —u,, = f(z)
with Dirichlet boundary conditions, using the steady version of the scheme (21) with
a =0 and ¢ = 1. In this case we use wrr = ¢qrr in (23). In the simulations, we are
interested in the discrete L?-norm of the solution error, i.e. |le||s, where e = u—u
and [le]|% = eTPe. We solve this problem with f(z) = 302 cos(30z), such that the
exact solution is u = cos(30x), using schemes that changes order at & = 0.5. We
construct one scheme using wide-stencil operators and one scheme using narrow-stencil
operators, and let the left part have interior order 2 and the right part have interior order
6. The resulting solutions and absolute values of the errors are shown in Figure 1(a,c)
for the wide-stencil scheme and Figure 1(b,d) for the narrow-stencil scheme, and the
corresponding rates of convergence are given in Table 1. As expected, both schemes
show a second order convergence rate, which is the lowest order of accuracy of the
included operators.

Table 1: Errors and convergence rates corresponding to Figure 1.

Wide-stencil operators Narrow-stencil operators
N el tom (BGEEE) | dlells o (A2
32 | 0.35539437 - 0.23478998 -
64 | 0.07548625 2.2351 0.06015881 1.9645
128 | 0.01786133 2.0794 0.01502129 2.0018
256 | 0.00443970 2.0083 0.00375199 2.0013
512 | 0.00110933 2.0008 0.00093777 2.0003
1024 | 0.00027733 2.0000 0.00023443 2.0001
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Figure 1: The schemes have interior order 2 for = € [0, 0.5] and interior order 6 for x € [0.5,1].
The exact solution is u = cos(30z).

6.1.1 Superconvergent functionals

In many applications, functionals are more important than the primary solution itself
(e.g. for lift and drag coefficients in computational fluid dynamics). As mentioned,
for operators Dy with interior order of accuracy 2p (satisfying (4) with a diagonal P),
the accuracy at the boundaries are restricted to order p [9]. Similarly, narrow-stencil
operators Dy with interior order 2p and boundary order p (satisfying (5) with a diagonal
P) are constructed in [11]. This, in turn, limits the order of accuracy of the resulting
L>-errors to p + 1 for the wide-stencil operators and to p + 2 for the narrow-stencil
operators [15, 17]. For more details on accuracy, see also the discussions in [19, 18].
Even so, when the scheme is dual consistent, the output functional can be computed
with the full inner order of accuracy 2p [8].

We consider linear functionals J(u) = [, gudz, approximated by J(u) = ng’u,

where P is the new P-matrix in (18), and in addition to the solution error, we study
the functional error E = |J(u) — J(u)|. The numerical simulations confirm that the
new scheme preserves the superconvergence property. In fact, even when having a wide-
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stencil operator in one domain and a narrow-stencil operator (with the same interior
order) in the other domain, the functional converges with full order 2p. This is quite
remarkable since the wide- and narrow-stencil operators produce solution errors of dif-
ferent orders. In Figure 2, the resulting errors when using schemes with interior order 6
are shown. The exact solution is u = cos(30x) and the weight function is g = cos(30x).
In Figure 2(a) we see — again — that the new scheme has the same global order of
accuracy as the operator with the lowest order, and in Figure 2(b) the full 6th order
convergence rate of the functional is confirmed.

10° 10° ‘ ‘
—+—Wide —+—Wide
-©-Narrow —-©—Narrow
——Mix 5 —+ Mix
2 10°" 5 10°7
ut T
S 5
= S
S0 I_%10-10, AN
-15 ‘ ‘ -15 ‘ ‘
10 10
10’ 10? 10° 10 10’ 107 10° 10
Number of grid points N Number of grid points N
(a) Solution errors |le]|5 (b) Functional errors E

Figure 2: The mixed schemes are composed by wide-stencil operators for x € [0,0.5] and
narrow-stencil operators for x € [0.5,1]. We use u(z) = g(z) = cos(30x) and the operators
have interior order 6.

6.2 The steady advection-diffusion equation

Next, we consider the steady version of (20). We use a = 1, e =0.01, f =0, g, = 1
and g = 0, which leads to an exact solution with a steep gradient at z = 1.

To solve this problem, we use the time-independent version of (21), with interior
order 2 in the left domain (where the solution is almost flat), and interior order 6 in the
right domain (where the boundary layer is located). The penalty parameters pg, Vo, pn
and vy are chosen according to (23), with wyr = |a| + eqrr in case of narrow-stencil
operators and wyr = |a| in case of wide-stencil operators (this choice is derived to
cancel oscillations [3]).

We first place the interface at & = 0.5, as before. The resulting numerical solutions
and errors can be seen in Figure 3. We see that even though the scheme has higher
order of accuracy in the right domain than in the left domain, the magnitude of the
errors are clearly largest close to the steep gradient at x = 1. The convergence plots
that correspond to Figure 3 are shown in Figure 4. Since the main contribution to ||e|5
stems from the right part of the domain, there is almost no difference between the new
schemes with mixed order and the interface-free schemes with interior order 6.
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Figure 3: The schemes have interior order 2 for = € [0, 0.5] and interior order 6 for x € [0.5,1].
Exact solution: u = (e%%/¢ — e®/%) /(1 — e®/%).

Finally, we place the interface at & = 0.9375 instead. The standard SBP operators
need at least 4p grid points, and hence the new scheme under consideration needs
Nr > 12. We thus use N > 192 when the interface is this close to the boundary.
The resulting convergence plots are displayed in Figure 5. Now the second order errors
make an impact earlier, and we see that asymptotically, the new schemes converge with
second order accuracy, as expected.

Remark 6.1. 1t is well known that wide-stencil schemes can produce oscillating solutions,
but the oscillations decrease as the grid is refined [6]. However, thanks to the particular
choice of penalty parameters used here, the interior oscillations are removed completely,
as can be seen in Figure 3. In this case the wide-stencil schemes are actually preferable
to the narrow-stencil schemes when the resolution is poor, i.e. when |a|h/e is large [3].
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Figure 4: The errors |le||5 of the mixed scheme when the interface is located at & = 0.5,
compared with schemes without interfaces. The mixed schemes have interior order 2 for
z € [0,0.5] and interior order 6 for = € [0.5, 1].
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Figure 5: The errors ||e||5 of the mixed scheme when the interface is located in & = 0.9375,
compared with schemes without interfaces. The mixed schemes have interior order 2 for
z € [0,0.9375] and interior order 6 for x € [0.9375, 1].

6.3 The unsteady advection-diffusion equation

We now return to the advection-diffusion equation (20). To highlight how the new
scheme affects a time-dependent problem, we will follow a Gaussian pulse proceeding
through interfaces from one part of the computational domain to the other. With this
aim, we let a = 1, € = 0.01, f(z,t) = 0, g, (t) = e 220025 o () = 0 and u(x,0) = 0.

For the spatial discretization, we first use a wide-stencil version of the scheme (21),
but with two interfaces; one at x = 0.25 and one at x = 0.5. In the left and the right
part of the domain, the scheme has interior order 6, and between the two interfaces
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the scheme is second order accurate. To produce a reference solution, we use a wide-
stencil scheme with interior order 6, with the same number of grid points but without
interfaces. This choice makes the boundary treatment identical for the two schemes,
and allows us to focus on the effect from the lower order accurate region. The penalty
parameters are chosen in the same way as in Section 6.2. The semi-discrete schemes
are integrated in time using the classical 4th order accurate Runge-Kutta method.

. 1 .
Reference solution Reference solution
o New scheme o New scheme
0.5 4 0.5 J
0 0
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
107 %1073
21 ‘ 2 :
0 0 V
2 . . . 2 . . .
0 0.25 0.5 0.75 0 0.25 0.5 0.75 1

X

(a) Wide-stencil schemes, time ¢t = 0.25

X

(b) Wide-stencil schemes, time ¢ = 0.35

! !
Reference solution Reference solution
© New scheme © New scheme

0.5
0 o ‘
0.75 1 0 0.25 05 075 1
-3 -3

5 x10 ‘ ‘ ‘ > x10 : ; \

2 . . . 2 . . .
0 0.25 05 0.75 1 0 0.25 05 075 1

X X

(¢) Wide-stencil schemes, time ¢ = 0.5 (d) Wide-stencil schemes, time t = 0.75

Figure 6: The time evolvement of a Gaussian pulse. The new scheme consists of wide-stencil
operators with interior order 6 in the regions = € [0,0.25] and = € [0.5,1], and order 2 in the
region x € [0.25,0.5]. The reference scheme has interior order 6 and no interfaces.

In Figure 6 we see how the pulse proceeds from one domain to the other. The
number of grid points is NV = 128 and the time step is At = 1/25000 (small enough
such that the spatial error dominates).

At time t = 0.25, half of the pulse has entered the computational domain, as can
be seen in Figure 6(a). Since the new scheme and the reference scheme are identical
close to the boundary, the difference between the two numerical solutions is ~ 107°.
In Figure 6(b), the pulse has reached the first interface, and now the second order
errors become visible. Figure 6(c) shows that the higher order domain = € [0,0.25]
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is relatively unaffected. Since the main propagation direction is from left to right,
a significant portion of the lower order errors produced in the region z € [0.25,0.5]
continue into the higher order accurate region = € [0.5, 1], as shown in Figure 6(d).

In Figure 7 we show the result for the exact same set-up, but with narrow-stencil sec-
ond derivative operators Dy (the reference solution is now produced by a narrow-stencil
scheme with interior order 6 and without interfaces). The errors have approximately
the same size, but are less oscillatory than in the wide-stencil case.

1 . 1 I
Reference solution Reference solution
o New scheme o New scheme
051 1 0.5 ]
0 0
0 0.25 0.5 0.75 0 0.25 0.5 0.75 1
-3 -3
5 x10 ‘ > x10 ;
0 0 R
2 . . . 2 . . .
0 0.25 0.5 0.75 0 0.25 0.5 0.75 1
X X
(a) Time t = 0.25 (b) Time t = 0.35
1 . 1 I
Reference solution Reference solution
© New scheme © New scheme
1 051 1
0.75 1 0 0.25 0.5 0.75 1
-3 -3
5 x10 ‘ ‘ ‘ 5 x10 ‘ ‘ ‘
-:‘:-:
2 . . . ) . . .
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
X X

(c) Time t =0.5 (d) Time ¢t =0.75

Figure 7: The time evolvement of a Gaussian pulse. The new scheme consists of narrow-
stencil operators with interior order 6 in the regions x € [0,0.25] and x € [0.5,1], and order 2
in the region x € [0.25,0.5]. The reference scheme has interior order 6 and no interfaces.

Figure 8 shows the discrete L?norms of the errors (compared to the respective
reference solutions). The accuracy of both formulations are similar, and as expected,
the overall spatial accuracy is second order.

6.4 Time integration effects

In the above time-dependent simulations, we have used a time-step of At = 1/25000.
This step size is not due to accuracy demands but depends on the stability restrictions of
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Figure 8: The time evolvement of the errors (compared to more accurate reference solutions).

the Runge-Kutta method. We will investigate these effects, and start by reformulating
(21) as w; = Lu + f, where

~T

7 _p1(_.A 3 37T T \LT Y O\LT
L=Pp aQ +e(—A+eydy —eyd, ) + (koo + rodo)ey + (unven + vndy)ey

and where f depends on f and g; . The size and location in the complex plane of the
eigenvalues (or spectrum) of L, A;j with j =0,1,..., N, strongly affect the properties
of the numerical scheme. For explicit ODE-solvers, all z; = AtA; must lie within the
stability region. For the classical 4th order accurate Runge-Kutta method, this means
that max; |z;| < 2.7. Thus max; |\;| measures the stiffness of the semi-discrete scheme.
Note that the eigenvalues \; depend on the penalty parameters (23). The penalty
parameters used here give a good compromise between accuracy and stiffness for the
original operators [3].

In Table 2 we have listed max; |A;| for the schemes used in the previous section, the
reference schemes are denoted ”6” and the new schemes ”6-2-6”. As a comparison we
also list the values for the pure second order accurate schemes ”2” and a new scheme
that have order 2 in the regimes close to the boundaries and interior order 6 between
the two interfaces, 72-6-2”. First, we note that the pure 6 order schemes are stiffer than
the pure 2 order schemes. Secondly (and most importantly), the new schemes are not
stiffer than the stiffest included scheme. Finally, somewhat surprisingly, we note that
the narrow-stencil based operators are significantly stiffer than the wide-stencil bases
ones.

Table 2: The maximum magnitude (rounded) of the eigenvalues of L, that is max; [Aj].
Wide-stencil operators Narrow-stencil operators

N 6 6-2-6 2-6-2 2 6 6-2-6 2-6-2 2
128 | 1001 1001 612 394 | 3655 3655 2276 858
256 | 3937 3937 2466 1462 | 14374 14374 9170 3322
512 | 15477 15477 11067 5572 | 57011 57011 36748 13042
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7 Summary

A procedure to locally change the type of finite difference stencils in a numerical scheme
is developed. The development concerns operators approximating the second derivative,
which complements work done earlier for the first derivative. The procedure is useful
when the order of a numerical scheme has to be lowered or raised in a specific region
of the computational domain.

The new operators are based on summation-by-parts operators with simultaneous
approximation term interfaces, but modified such that the numerical solutions have a
unique representation in all grid points. This facilitates the process of transferring the
interface, which could be especially advantageous for time-dependent problems.

The transition from one type of stencil to another is done in a time-stable and
dual consistent manner, and the resulting operators have the same overall accuracy
as the lowest included summation-by-parts operator. These properties are verified in
numerical experiments on the Poisson equation, the steady advection-diffusion equation
and the unsteady advection-diffusion equation. Moreover, in the experiments we note
that the new schemes are not stiffer than the stiffest included operator.

A Proofs of Proposition 4.1 and Corollary 4.3

Proof of Proposition 4.1. Consider P, which is given in (10), K and I from (16) and
P=1PIT. Witha= el Prent/(ey Prent + ey Pregr) inserted into K, we have

P 10 0 0
PK = ’ N po 0 i Y
) R PR T
R 0 0 1
Pt 0 0 o0
= o PP oo
0 0 0 P
Ny —1
1000 P N
P L ~__
= 0110 L = 1P,
0001 Py 1
PR

where Pﬁ and Pg{ refer to the j* diagonal entry of Py, or Py, respectively. Having shown
that PK = I P for diagonal matrices P, the relation KP~' = P~'I follows. O
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Proof of Corollary 4.3. From the definitions of K and 7, given in (16), and d, which
is given in (10), we compute

0 a0 s om0 ) a)

Tire -« ur )Ny a(ur)n;, + (1 —a)(ur)o

[ RKu = 0 a l—a 0 (ur)o o(ur)n; + (1 — ) (ur)o
0 0 1 (ugr)s

Assumption 4.2, that is that (up)n, =

(UR)1

(ug)o, leads to a(uL)NL +(1—a)(ur)o = (UL)NL

and a(ur )y, + (1 — a)(ur)o = (ur)o. Thus U = ITK holds. O

B Stability of the advection-diffusion scheme

We multiply the scheme (21) (for simplicity with f = 0 and g; 3 = 0) by u' P from the
left, and add the transpose. Thereafter using that @ + @T =eyel — ejel, yields

d ~ ~ ~T ~
—(u"Pu) + 2eu’ Au = au'egeju — 2cu’ e dyu + 2u’ (ypep + vodo)eju

dt (24)

~T ~
—au'eyepu+ 2cu’eydyu+ 2u’ (uyen + vydy)eyu

Next, we define w = ST Tu+ M T Tejelu— M1 Teyelu, with S and M given in
(22), and compute
e — ~ ~T ~T
w'Mw = u' Au + 2d,ueju — 2d yueyu + g (eju)? + gr(eyu)?, (25)
where we have exploited that
eOTT]W_fIVTeO = eOT,L]WL_leQL =qr,
eL]M_IITeN = eI:RMgleMR = qR,

Using (25) in (24) leads to the energy growth rate

E(uTlgu) +2ew' Mw = —wi(eju)? — wr(eyu)? <0,

where we have also used the choice of penalty parameters suggested in (23).

Remark B.1. In contrast to what is generally the case when using narrow-stencil second
derivative operators, the modification of g; z mentioned in Remark 3.3 is not needed.

This is because M is block-diagonal, which leads to e, T M 1 Teg = eJ I M1 Tey = 0.
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