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Abstract

A finite volume approximation of the scalar hyperbolic conservation law or advection-diffusion equation is given. In the context
of the method of lines, the space discretization uses weighted essentially non oscillatory (WENO) reconstructions with adaptive
order (WENO-AO), and the time evolution uses implicit Runge-Kutta methods. Therefore the timestep may be larger than the
CFL timestep. To reduce oscillation in the solution, ideas related to spatially partitioned Runge-Kutta methods are used. An
adaptive Runge-Kutta method is developed that blends the L-stable, third order, implicit Radau ITA method with the composite
backward Euler method using a weighting procedure inspired from spatial WENO methods. The weighting procedure requires a
smoothness indicator, and several possibilities are considered, although one is perhaps seen to be preferred. The overall scheme is
proven to maintain third order accuracy when the solution is smooth. When the solution has a discontinuity, the scheme is shown
computationally to be third order accurate away from shocks, and to achieve the overall accuracy of the backward Euler method.
Numerical examples show that the adaptive Runge-Kutta method reduces oscillations in the solution. Moreover, the resulting
scheme is shown to be unconditionally L-stable for smooth solutions to the linear problem.

Keywords: implicit WENO, von Neumann stable, L-stable, adaptive Runge-Kutta, multirate Runge-Kutta, spatially partitioned
Runge-Kutta
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1. Introduction

We consider finite volume approximation of the scalar hyperbolic conservation law, and more generally of the
advection-diffusion equation

U+ f(u)y — Duyy = u; + Fu,uy), =0, xeR, >0, (1.1)

where D > 0 and F(u,u,) = f(u) — Du,. We solve the problem using the method of lines, which divides the
scheme into space and time approximations. For the space discretization, we use weighted essentially non oscillatory
(WENO) reconstructions with adaptive order (WENO-AO) [1}, 2 3]. For time evolution, we restrict ourselves to
implicit methods, both because the problem (1) is stiff when D > 0 and because we would like to use timesteps
larger than the CFL timestep that explicit methods are limited to. However, a high order Runge-Kutta method can
generate oscillations when the timestep is large. So we develop an adaptive Runge-Kutta scheme that blends a higher
order implicit Runge-Kutta method (we use third order implicit Radau ITA) and the composite backward Euler method
using a weighting procedure inspired from spatial WENO methods.
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1.1. Adaptive time evolution

We are particularly interested in the time evolution of (I.I). If D = 0, the problem is hyperbolic and shocks
and contact discontinuities may appear in the solution. If merely D is small, the solution may exhibit steep fronts,
which (for finitely discretized numerical methods) also appear as if they were discontinuities in the solution. Ideally,
we would use strong stability preserving (SSP) Runge-Kutta methods [4} 5, |6]. Unfortunately, there are no uncondi-
tionally stable SSP methods of order greater than one [6} [7]. We therefore restrict ourselves to L-stable Runge-Kutta
methods, which can, however, produce some oscillation.

Multirate methods (see, e.g., [8,19,110]) and embedded multirate methods [[11,[12] were developed to allow varying
timesteps, and thereby achieve better resolution, i.e., less oscillation, of the solution near shocks. These methods can
often be formulated as spatially partitioned Runge-Kutta methods [[13} [14], which can be viewed as a method that
merges two Runge-Kutta methods with the same time levels. Most often, a single Runge-Kutta method is used at any
given point in space. It is possible to blend the two Runge-Kutta methods; that is, to use a weighted combination of
them. For example, this is done in the partition of unity approach [15]. The weighting function is often defined in an
ad hoc way.

For finite volume schemes, one normally views the method of lines as applying to the time evolution of the mesh
cell. However, in this case, spatially partitioned Runge-Kutta methods will suffer from non conservation of mass
unless a flux based partitioning [[11] is applied, in which the flux on each mesh cell interface uses its own Runge-
Kutta method. However, this leads to an inconsistent approximation at the interface between Runge-Kutta methods
(i.e., on transition cells, where different Runge-Kutta methods are applied at the two interfaces of the cell), see, e.g.,
[k 14l [111.

A more subtle problem with the use of spatially partitioned Runge-Kutta methods is that their convergence proper-
ties depend on the smoothness of the true solution. In the case of hyperbolic conservation laws (or advection-diffusion
equations (I.I))), the solution may not be smooth. However, it is observed numerically that the backward Euler method
always seems to give a good solution (see, e.g., [16]). We therefore propose to use a weighted (i.e., blended), flux-
based, spatially partitioned, implicit Runge-Kutta method that combines a higher order implicit Runge-Kutta method
with composite backward Euler. We will weight the methods using a procedure inspired from spatial WENO meth-
ods. This requires defining a smoothness indicator, and we will explore several possibilities and advocate for a specific
choice. We will thereby provide a systematic definition of the weighting function.

We will prove that the weighting procedure does not degrade the accuracy of the adaptive Runge-Kutta approxi-
mation when the solution is smooth. When there is a discontinuity, however, the inconsistency at the interface between
Runge-Kutta methods on transition cells will prevent us from proving optimal convergence. Instead, we will show
computationally that the accuracy maintains third order away from the shocks, but indeed drops to that of the backward
Euler method overall (which is to be expected—see [9} (14} [11]). Overall, the adaptive method reduces oscillations in
the solution, and thereby allows us to take longer timesteps. Moreover, we will show that the L-stability property of
the Runge-Kutta method is retained by our overall scheme, by showing that approximations to smooth solutions of
the linear problem are unconditionally stable in the sense of a von Neumann stability analysis.

1.2. The finite volume framework

We close the introduction by giving the finite volume framework for approximation of (I.I)). For simplicity we
have assumed that D is constant, but see [[17] for handling non constant, and even degenerate, diffusion.

Partition time as 0 = © < ¢! < > < ---, and define At, = "' — ¢, "*1/2 = (" + "*1)/2, and, more generally
for use later, #"*% = " + AAt,. Partition space by grid points - -- < x_, /2 < X172 < x3j2 < ---. Define the mesh cell or
element I; = [x;_1/2, Xi+1,2], its length Ax; = x;1/2 — xi_12, and its midpoint x; = %(xm/z + xi—172). Let h = max; Ax;
and assume that the grid is quasi-uniform (i.e., there is some p € (0, 1] such that ph < min; Ax;, so ph < Ax; < h for
all §).

Let #,;(¢) be the average of u(x, ¢) on the cell [;, i.e.,

(1) = Aix fl u(x, 1) dx. (1.2)

Later, u;(f) will be an approximation to the same integral average. For a general function ¢(x, t), we denote (and later
approximate)
Pira(D) = ¢(xi + @Ax;, 1) and @) = G(x; + ahx;, 1), (1.3)
2
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for any @ € [-1/2,1/2] and 6 € [0, 1]. Integration of (I.T)) in space leads to

d 1
d_tﬁi(t) = _A_[F(Ui+1/2(t)» Upiv12(®)) = F(uic12(t), uxio12())]. (1.4)

Xi

We introduce the Lax-Friedrichs flux, i.e.,

N 1
Sla,b) = 5[f(d)+f(b)—5(b—a)], (1.5)
where 6 = max, |f’(«)|, and define
F(a,b,c) = f(a,b) — Dc. (1.6)
The problem (L) is then transformed into
Lit) = =2 (Pt o0 = iy 0] (1.7)
dtu’ = Ax; i+1/2 i-1/2\1)], .

where Fi. ;2(t) = F (u, /2(1), u;ril /z(t), uyi+1/2(2)), and where u 2 and ”;;1 ) are left and right point values for u at
Xi+1/2, Which later will be approximations, i.e., u /2(t) ~ u(x,, /2> t) and "‘;;1 /2(t) x u(x;f_+1 /2> 1); MOTEOVET, Uy j+1/2(F) =
uy(Xiz1/2, 1). It remains to discuss the spatial reconstruction and time integration approximations.

In the remainder of the paper, we describe the WENO-AO reconstructions that we use in the next section. In
Section 3] we describe our new adaptive Runge-Kutta method. We analyze the time discretization errors in Section 4]
paying attention to whether the solution is smooth or has discontinuities. In Section[5] we show that our new scheme is
unconditionally stable for smooth solutions to the linear problem, using a fixed weight for the adaptive Runge-Kutta
method. We discuss alternate definitions of the smoothness indicator used to adaptively weight the Runge-Kutta
methods in Section[6] We end the paper with some numerical results in 1D and 2D (using Strang splitting [18])) in

Section[7] and with a summary and conclusions in the final section.

2. WENO reconstructions with adaptive order (WENO-AO)

For the reconstruction of some x € I; at a fixed time # from cell averages, consider a stencil S” > [; with r
contiguous cells. We can reconstruct u as a stencil polynomial P"(x) of degree » — 1 by imposing the conditions
1
— | P(x)dx =, VI eS".
AXk I
Provided that u is smooth on S”, P" is an rth order approximation to . The smoothness indicator defined by Jiang
and Shu [19]] is used to measure the smoothness of the polynomial P"(x) on the cell /;. It is given by

r—1
d’ 2
_ E 20-1 r
Opr = Z ﬁAxi (WP (X)) dx. (21)

2.1. WENO-AO(3,2) for reconstruction of left and right point values

For a third order WENO scheme, we consider the stencils depicted in Figure 2.1} from which two linear poly-
nomials Pi and Plzz, as well as a quadratic polynomial Pé are reconstructed over § i ={li_1,L;}, S 12{ = {I;,I;;1}, and
S % ={l;_1,1;, I;;1}, respectively. We use these stencils to reconstruct ”1+— 12 and u; P

Levy et al. in [20] introduced a compact CWENO?3 reconstruction, where they combined the quadratic polynomial
with the linear polynomials. Balsara et al. generalized the idea of combining low order polynomials with high order
polynomials to define WENO reconstructions with adaptive order [1} 3, 2]. Take any linear weights aé, ozi, and alz2 as
arbitrary positive numbers summing up to one. (We take aé =1/2 and ai = Ql% = 1/4.) Then the reconstruction of u

at x € [; is a convex combination of the three polynomials, defined as

~3
u(x) ~ RAO(x) = Z—?[Pg(x) ~ 2P (x) — A PA(W)] + G P (x) + GAPA(). 2.2)
C

3
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Figure 2.1: WENO-AO(3,2) stencils.

The nonlinear weights &é, Ey%, and 5/12{ are computed by

a’l as

= ———, ¥ =55 (9ell2),R2),(CI), (2.3)

S
i > A A~ A >
T (@ +op) &g +at + a3

a

where the constants are usually chosen as 7 = 2 and ¢, = 107%. However, based on [3] 2]], we take €, = gh® for some
€ > 0. As in [20]], one could use o P in place of TP to define &%, where Pzem(x) = [P%(x) —a/iPi(x) —af{PzR(x)] / a%.

2.2. WENO-AO(4,3) for reconstruction of the derivative at a point

We need a reconstruction of u, when D # 0. We use the same type of WENO-AO reconstruction to approximate
u,. Note that if # is smooth on S, the derivative P"'(x) of the rth order stencil polynomial P"(x) is (r — 1)st order accu-
rate. Moreover, we wish to maintain spatial symmetry to avoid directional bias in the approximation of the diffusion
operator. We therefore use a WENO-AO(4,3) reconstruction, which combines cubic and quadratic polynomials.

Xi+1/2 Xi+3/2 X

R
Figure 2.2: WENO-AO(4,3) stencils.

For a third order reconstruction of the derivative at x = x;, we use the symmetric set of stencils shown in Figure[2.2}
Reconstruct a fourth order stencil polynomial P‘é over S é = {li=3,I;-1, I;, I;+1}, and two third order polynomials Pi
and P} over S3 = {5, -1, I;} and S = {Ii_1, I;, I;11}, respectively. Again, take any linear weights o, @, and a3,
arbitrarily as positive numbers summing up to one. (We take a‘é =1/2and ai = aé = 1/4.) Then the reconstruction
of u, at x € I;_; U [; is a convex combination of the three polynomials, defined as

~4
u(x) ~ R (x) = %[P‘é’(x) - @} P (x) — ap Py (%)) + & P}’ (x) + @3 Py (x). (2.4)
C

The nonlinear weights &, & , and &, are computed by (2:3), except that now s € {3,4}. We may consider that x;
belongs to I;_; or I;, so we could define o p- on either interval. We take the average of the two choices, and define

_1 kS Ax2-] d_[Pr 2d
T 2_21; e (F P @) dx.
j=i—1 b= J

The derivative is then approximated to third order when « is smooth on § 4c' Otherwise, we drop in order of accuracy
when the solution is smooth on the center two cells I;_; U I;. As is usual in WENO methods, it is not so clear what
4



T. Arbogast, C.-S. Huang, X. Zhao, and D. N. King / Computer Methods in Applied Mechanics and Engineering 00 (2020) l 5

happens when the discontinuity is within /;_; U [;, i.e., no more than a cell away from x;, although the reconstruction
remains monotone [[16] and we will see good numerical results later.
A more sophisticated procedure is needed if D = D(u) is not constant and may degenerate [[17].

3. An adaptive Runge-Kutta method with backward Euler

For the time evolution, we choose to use a Runge-Kutta method, which could become unstable near discontinuities
in the solution. We will develop a new method to improve stability near discontinuities when using a large timestep.
We recall the notation for such a Runge-Kutta method for systems of ordinary differential equations

vi = g),  v(to) = vo. (3.1

An s-stage Runge-Kutta method for solving (3.1)) is defined by an s x s matrix A = (a,,,) and two s-vectors ¢ = (c;)
and b = (b;) with the standard assumptions c¢; = ), _, @, and 25:1 b; = 1. The method is

m=1

S

VI =V AL ) apm gV, 1< <, (3.2)
m=1

VL= 0 4 A, Z B g(Vm), (3.3)
m=1

The Butcher tableau of the method is given in Table[3.1] A Runge-Kutta scheme is implicit if the matrix A has nonzero
entries on or above the diagonal.

C1 an apn te ajs
¢ | a a S s
2 | a2 12 2 el A
Cs A1 s e s
‘ b by - b,
Table 3.1: Butcher tableau for (3.2)-(33).
To assess stability, let k € C with Real(k) < 0 and consider the model problem
Yt =ky@®, y0)=1 (3.4

The Runge-Kutta method given by Tableapplied to (34) is y"*! = ¢(2)y", where the stability function is

_ det(I — zA + zeb™)
_ Ty 1, _
dz)=1+zb" I —-zA) e ol —A)

and where e denotes the vector of ones and z = kAr. A Runge-Kutta method for solving (3.4) is unconditionally
A-stable if |¢(z)] < 1. An L-stable method is A-stable and |¢(z)] — O as |z] — oo. L-stable methods work well for
solving stiff problems, when At may be relatively large for some time scales.

3.1. An adaptive time integration

When there are discontinuities in the solution to (I.I), high order methods may generate oscillations even if they
are L-stable. Strong stability preserving (SSP) Runge-Kutta methods guarantee the total variation diminishing (TVD)
property under some time restrictions [4, [5 [6]. Unfortunately, there are no unconditionally SSP methods of order
greater than one. In [21}[17], the authors compared a third order implicit SSP method with an L-stable method, and
showed that, with a large timestep, the L-stable method has better results near discontinuities.
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We want to take advantage of the unconditionally strong stability properties of the backward Euler method and its
L-stability. Analogous to the WENO methodology, we consider an implicit scheme using a convex combination of a
higher order and the backward Euler approximation of the time integration. Essentially, for (3.T) we want

prHl 2 jpHigh 1 High yBE 1+ 1.BE (3.5)
for some nonnegative nonlinear weights wHig" and WwBE such that wHigh + %BE = 1. We will present later a way to
make WwHigh ~ 1 when the solution is smooth, so that we achieve the accuracy of the high order Runge-Kutta method.

However, when there are discontinuities in the solution, we will reduce the scheme to backward Euler, i.e., we will
make WBE ~ 1. This adaptive scheme should reduce oscillations in the solution.

We combine the high order s-stage Runge-Kutta method given by (3.2)—(3-3) (i.e., Table [3.1) with the composite
backward Euler method computed using the same times "/, 1 < j < s. We must assume that the time levels satisfy
0 <c <£¢ <+ < ¢, = 1. The Butcher tableau for this composite backward Euler method appears in Table [3.2]
where bBE = ¢; and bBF = ¢,, — ¢,,-1, 2 < m < 5. Note that APF is defined by a];f = bBE, m < j, and a‘frf =0

otherwise. The coefficients of the combined Runge-Kutta method are given by taking
ajm = W, + WS and by, = WD, + WPEDRE (3.6)

Its Butcher tableau is the same as the one in Table [3.1] except that one should insert a tilde over each letter a and b.

C1 b]13E
cy | BBE pBE -
4
: : . = pBET
cy | BBE BBE ... pBE

Table 3.2: Butcher tableau for the composite backward Euler method, using the same times as the s-stage Runge-Kutta method of Table where
b]fE = ¢y and b,'f =Cn—Cp-1, 2<m<s.

3.2. Application to the advection-diffusion equation

We apply the adaptive Runge-Kutta method (3.6) to (I.7). In order to maintain mass conservation in (I.I)), we
must use a flux-based approach discussed in [11]. We apply the time integration to each interface (at x;_;» and x;11/2)
rather than to each cell /;, using the same Runge-Kutta method at x;_;, for both /;_; and ;. In this way, the flux term
Fi_ ,2 has a single value between these cells, regardless of whether we are solving for i;_; or #;, and thus mass is
conserved in the overall scheme. Similarly, we use the same Runge-Kutta method at x;,1,, for both /; and I;;;. That
is, a proper handling of the difference in flux values in (T.4) does not result in a straightforward application of (3.6) in
the method of lines to for each index i. Instead, we need to vary the combined Runge-Kutta coefficients from one

interface point to the next. Therefore, we express (3.2)—(3.3)), using the modified coefficients (3.6), applied to (I.7) as

S

e At P PO
n+c - ~ m ~ m o
Ui ! = M:l - - § [ajirz,i+1/2F;l:1L/2 - ajm,ifl/ZF?jIL/z]’ 1< J=s, 3.7
Axi el
At N
—n+1 - E 7 fn+Cm 7 [tCn
u?+ = M? - [bm,i-H/ZF;Z:]C/Z - bm,i—l/ZF?jlc/z > (38)
Ax,- el
[N+Cm . ey it Cms— N+Cpyt n+Cpy : : : : :
where F 1) = F(U, A U, A Ux’l. o /2). We will see how to define the nonlinear weights in the next subsection.

3.3. The Third order Radau IIA method with backward Euler

To define a scheme that is third order accurate, we choose to use the 2-stage, L-stable, implicit Radau ITA Runge-
Kutta method [22]. The Butcher tableau of this method, and the corresponding composite backward Euler method, is
given in Table[3.3]

6
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13| 512 -1/12 13 | 1/3
1| 34 14 113 23
34 14 13 273

Table 3.3: Butcher tableau for the third order Radau ITA Runge-Kutta method (left) and the corresponding composite backward Euler method
(right).

Our choice of third order scheme allows us to simplify (3.7)-(3:8). Because b; = a,;, we need not distinguish

between u”” and U n+l , and we can simply write & '"+1/ 3 =U Tl+l/ 3. Moreover, we can reduce the notation with al = ai
ply i J
and b/ = b = dy;. Rewrltmg G-@B-3), we have

At R R .
Sntl/3 _ - nl~1 nt1/3 _ =1 putl/3 2 +1
u; =i = A_x[am/sz/z =il + az+1/2F1+1/2 12 ?71/2]’ (3.9
l
Aty 1 - - .
—n+l _ - n n+1/3 71 n+1/3 72 +1 2 +1
o= - A_x[bi+1/2Fi+l/2 biyptisys + bz+1/2F?+1/2 - bi—1/2F?—1/2]’ (3.10)
l
0 _ n+6,— n+9,+ 9
where £, = Pl iy 0l ). 0= 1/3,1, and
~1 5 ~Radau+ 1~~BE ~2 1 ~Radau
Qiz12 = Wizt T 3Wiz1/20 Qizs12 = ~ 3 Wis12> 3.11)
b 3 ~Radau + = 1 ~BE 52 1 ~Radau + = 2 ~BE .
i+1/2 = 4Wz+1/2 3 Wis1)2 ix1/2 = 1 Wisl)2 3 Wis12:

Since the backward Euler method is globally first order accurate, to achieve the highest possible order in time (see
Section Ié—_tl), we need to scale the linear weight wB® as wBE = wiFAr for some wi > 0 (and wiFAr, < 1), and then

wRadaw —71 _ ,BE The nonlinear weights are computed in the same way as in WENO spatial reconstruction, that is,
Rad BE
WRadau _ wr WBE = —W A3 12)
£1/2 = ; 172 = ; :
B ey e oy

where 7 > 1 and €, = gh?, & > 0, and the normalized nonlinear weights are

WRadau
~Radau _ i+1/2 ~ BE JpRadau
Wizl/2 = 2BE . rRadan’ Wizijp = 1 =Wizyp- (3.13)
i+1/2 i+1/2

The smoothness indicators 0% and o-fiald/"‘zu are used to detect a discontinuity or steep front in the solution. Recall

that the smoothness indicator actually measures roughness (i.e., a larger value means a less smooth solution). For
backward Euler, we simply take oBE = 0, since it is always acceptable to use backward Euler. We define

oBE =0, (3.14)
O_Radau — (ﬁn I/t ) + (—n+1/3 -n+1/3) + (un+1 un+l)2 (3 ]5)
i+1/2 i+1 i . .

The latter smoothness indicator, for Radau ITA, detects a shock in space. One can imagine using other possibilities,
and we will consider some later in Section

3.4. Solution by Newton’s method

The overall scheme (B:9)—(3-10) is a coupled nonlinear system of equations. The nonlinearity is due to three
sources. First, depending on the problem (T.I) solved, f and/or D may be nonlinear. This would cause the flux
function F(u~,u*,u,) = f (u—, u*) — Du, to be nonlinear through the Lax-Friedrichs flux f (T3) and/or D(u). Second,
the WENO-AO reconstructions appearing within the flux function are nonlinear with respect to the cell averages, due
to the weighting procedure involving the smoothness indicator (2.1) and the normalization (2.3). Finally, a similar
nonlinear weighting arises for the Runge-Kutta coeflicients, due to the time adaptivity through the Radau smoothness
indicator (3:13) (or any of those chosen in Section[6) and normalization (3-12)—@-13).

7
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In our numerical implementation, we solve the scheme (3.9)-(3.10) using a fairly straightforward application of
Newton’s method. The previous solution & is used as the initial guess for both & @13 and u”” At each Newton
iteration, we solved for the update using a sparse direct solver, and we termrnated the Newton iterations when the
update was smaller than 1e-6 times one plus the initial residual. We tended to use about 4-5 iterations per time step,
although very large CFL number problems may take up to about 15 iterations to converge.

The Jacobian matrix is sparse, with a structure that depends on the stencil of the WENO-AO reconstructions.
Our third order scheme with Lax-Fredrich’s stabilization (3.9)- @]} 1s a block 2><2 system for @' and @*'. In
space, the WENO-AO(3,2) and WENO-AO(4,3) reconstructions for u 1 /2 * and ux +1 /2, =1/3,1, 1nvolve u"”’ where
j=1i-2,i—1,i,i+ 1,i + 2. In time, the smoothness indicators requ1red to compute the adaptive Runge-Kutta
coeflicients a a 12 and b,+1 ,»{=1,2,use only ";””3 and @' where j=1i-1,i,i+ 1. Therefore the system is block
structured wrth 5 bands. Thrs would imply an overall band structure of 11 individual bands (i.e., 5 block 2 X 2 bands
are 11 individual bands, since the 2 X 2 center block adds one band to the right for the first equation and one to the left
for the second equation).

The most difficult part of the Jacobian matrix to compute is related to the derivatives of the spatial WENO-AO
reconstructions. However, as discussed in [23} [17], this is facilitated by defining the base polynomials. Briefly, given
a stencil S of contiguous mesh cells I, let i, be the polynomial such that

1, =k

tﬂk(X) dx = { T VI €S.

Axe X¢ 0, otherwise,

In fact, these can be precomputed once the mesh is given. The stencil polynomial is then

P() = ) i(x), VI €S. (3.16)

k

That is, the derivative dP/du in the Jacobian is simply ¢;. Moreover, using @[) the smoothness indicator for the
cell I; is

JP_ZIA 24’1 df dx—ZZu,uk ZfA2f1d:f/ Cﬁiffk x):Zanuka;k, (3.17)
7k

where o'i.k can be precomputed from the computational mesh. It is also the derivative o-j.k = Oop/0uj = Oop/Oii
needed in the Jacobian.

4. Analysis of time discretization errors

In this section, we analyze our new third order scheme (3.9)-(3-10) in two cases: when the solution is smooth,
and when it has a discontinuity. We assume in this section that At = Cyh, for some Cy > 0, to balance the spatial
and temporal errors arising in the hyperbolic part of the equation (II). Recall that oBF = 0, wPE = wiFArZ = O(h?),
wRadaw — 1 _,BE ‘and ¢, = h?. Define

2
€n n €h n
Tixl/2 = ) “.1)
= <e + a}iaff;) (eoh2 + aﬁaff;)
so that
W = .
2 wRdddu +wBET 1 ) T+ WOEM(TH, P
and
BE whE wo AL
~ n
l+1/2 = . (43)

wBE wRadaug,, o WEEALZ + (1 — wpEAD)Tia1 2
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4.1. The smooth case

When the solution is smooth, o-liaf‘/“z“ = O(h?), and so we conclude from (@) that 7,21/ = ©(1), and then from
@3) that ?fl n = = O(h%). Recall that g(h) = O(h”) means that there are constants ¢ > 0 and C > 0 such that
ch? < |g(h)| < Ch? as h — 0; whereas, g(h) = O(h”) means only that |g(h)| < Ch? as h — 0.

Note that the Runge-Kutta coefficients (3.11)) can be rewritten as

1 3 1 BE 2 __1 1 7BE

Qiz12 = 75 ~ 13 Wiz iz12 = E 12 Vis1/20 )
s 3 5~BE P2 _l+5~BE .
i1/2 = 3 T p Wizl ix1/2 = 3 T Wisl2:

That is, the adaptive Runge-Kutta method is a simple perturbation of order ~BiEl o= O(h?) of the Radau ITA Runge-
Kutta method. If we can show that this perturbation is on the same order as the local truncation error of Radau ITA
(i.e., O(h*)), then the adaptive method retains the third order global accuracy. To be more precise, our adaptive Runge-
Kutta scheme (3.9)—(3.10) can be written as the Radau ITA Runge-Kutta scheme (using the Butcher Tableau on the

left of Table[3.3)) plus a perturbation, namely,

Aty 5 4 5 4 1 1 At
—n+1/3 _ - n n+1/3 n+1/3 +1 +1 n
u; =i - Axi[EFHI/Z N EFi—l/Z 12Fln+1/2 + 12Fln 1/2] TA)C,-Ei’ .5)
Aty 3 A 3. 1. 14 SAt,
—n+l _ - n n+1/3 n+1/3 +1 +1 n
Wt = - Axi[é_lF”l 5= JEE g - g F A Toax B (4.6)
where the perturbation is a multiple of
E; = WwBE 13 _ gBE fntl/3 _ gBE pntl 7BE pntl

2 iy =~ Wilinlisp ~Wiaplii T WisipFil

We wish to show that the local truncation error of @3)-{.6) is O(h*), and this holds provided it holds for the
perturbation terms.
Now
~BE +1/3 +1/3 1 1 +1/3
E; = W1+1/2(F7+1/2 F? 172 Fln-:l/Z +F 1/2) (W,+1/2 Wi 1/2)(F,"+1/2 7 1/2)
~BE 2 ~BE
= Wit pOU?) + (Wi o = Wi p)Oh),

using Taylor expansions and our assumption that Az = O(h). Now from #.3)

BE A 2 BE A 2
BE BE wy-Ar B wy AL
12 " Wicip =
Wiel2 TR T BN (1 S WBEAR Ty WEEAZ + (1 — wEEAR) T 1
= O(ALx(Tiv1 2 — Tim1)2))-
2
Given ¢(0) = ( b >'I and n > 1, we have from (@) that
4 eh* + o ="
Rad Rad adau _ Rad
Tinig = Tici = PO s) = e s = ¢/ () (R — o),
Radau Radau e 2 : ’ "0(0-)
where o is between 0.} Ny and o7 s and all these quantities are O(h*). Since ¢’(07) = —n i we have that
€ o
2 Radau _ Radau Radau _ ~Radau
" il = ‘ €h ) Oiv12 ~ 912 ' C' 1+l/2 0'1 1/2
/2 isl2 77 &h? + o eh? + o

Recall (3:13), the definition of o-?*4", and note that
(@isr = 0 = (@ = Wi-1)* = (@1 — B (@1 = 20 + Bimy) = O(R),
to conclude that a'ﬁald;‘; - o-}zaflf; O(W?). Therefore 7y, 12— Ticip = O(h), wl +1 P W?_El n = O(h?), and, finally,
E; = O(h*), as desired.
As the Radau ITA scheme is locally fourth order accurate, the adaptive scheme is also locally fourth order accurate.

We have established that the adaptive scheme is globally third order accurate when u is smooth.
9
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4.2. The case of a discontinuity

Now consider the case in which the solution u has a discontinuity. Backward Euler is globally at least O(h'/?) in
the presence of a discontinuity [24} 25]], which means that it should have local truncation error at least oOH3'%). So
we would like to see that our method has a local truncation error of at least O(h*/?). We assume that the solution is
smooth on (=00, xj_1/2) U (Xg41/2,00) X [t", 1] and has a shock traveling through the cells {/;, ..., I} for some j,
k € N. We describe the cells I;_; and Iy, as transition cells, i.e., cells in which one interface has a Radau weight
Wgaf;‘; = 1 — O(K?) and the other interface has Wﬁald/az“ = O(h*"72). A shock cell will be a cell between the transition
cells which has Radau weights Wﬁa{if‘z“ = @(h*"~2) for both the right and left interfaces. Finally, smooth cells are those
outside of {/;, ..., Ir+1}. These cells are not effected by the shock and thus have Radau weights Wﬁa{ifzu =1-0#?) for
both interfaces.

We now write the adaptive Runge-Kutta coefficients (3.11) as a perturbation of the backward Euler method:

1 1 1
~1 _ - Rad: -2 - Rad:
diz1j2 = 3 + Ewi;l/dZu’ Aiv12 = _Ewi;l/dZu’
1 5 2 5 @7
51 = -+ = ~ Radau 52 _ 2 _ ~ ~Radau
i1/2 = 3 12Wiil/2’ i1/2 = 3 12Wi¢1/2~

In analogy to (.3)-.6), our adaptive scheme is the backward Euler scheme plus a perturbation, which is a multiple

of
. _ Radau pin+1/3 ~Radau gn+1/3 ~ Radau gn+1 ~Radau gn+1
Ei=wianFip ~WiapFion = Wiap P + Wiap Fitys: “3)

In fact, the perturbation is (At,/Ax;)E;/12 and (At,/Ax;)SE;/12 for (3.9) and (3.10), respectively.
The order of accuracy of the perturbation depends on which classification the cell /; belongs, i.e., transition, shock,
or smooth. For the latter two cases (shock and smooth cells), note that (.8 becomes

_ ~Rad: fn+l/3 fn+l/3 fn+1 fn+1 ~ Rads ~ Rada fn+1/3 fn+1

Ei - i+dl/dZu(Fi+l/2 - Fi—1/2 - F;l+1/2 F;il/z) + (Wi+dl/d2u - i—dl;lzll)(Fi_1/2 - Flr‘ll/z)‘ (49)

Let I; be a smooth cell, that is, /; does not see the shock. To determine the order of the perturbation in /; first
observe that

~ Radau ~ Radau ~BE ~BE _ 3
Wit = Wici2 = Wici2 = Wiri2 = o)

by Section[4.1] Hence,
E; = O(h*) + O(*)O(h) = O(h*)

by Taylor expansions and using that Wﬁald/a; = 0O(1).

Now let /; be a shock cell, so that o-ﬁaldfzu =1 — O(h%). We conclude from @1 that 1110 = O(h2") and then from
(@2) that W}iald/"‘; = @(h*"17%). So, the perturbation ([.9) in the shock cell is

E; = Wiy O) + (W5 = W0 = O™,

: ~Radau _ ~Radau _ ~BE _
where we again used that W} 2wl = Wit

with O'Ealdj‘zu - O'Eraf‘f‘zu = (1) and o = O(1).
Finally, let I; be a transition cell, that is, only one interface sees the shock. Without loss of generality, assume

that the shock crosses the right interface of the cell so that the Radau weight is Wﬁaldff = O@(h*""2). Moreover the left
interface has a Radau weight Wiald/"; = ©(1). Then (@.8) becomes

vT/ErEl 12> and we repeated the argument given in Section except

. _ wRadaug pn+1/3 _ fn+l \ _ ~Radaug gn+l/3 _ pn+l
Ei =Wl (Fi+1/2 Fiip) =W (FH/z F)p)

= Q" 2)0(1) - O(1HO(h),
=0(h)

because the solution is smooth at x;_/2, i.e., F ;1:'1]/23 - F ;‘_”’11/2 = O(h).

To summarize, we have that the perturbation has an order of accuracy of O(h?), O(h*"~2), and O(h) in the smooth,
shock, and transition cells, respectively. We conclude that the adaptive Runge-Kutta method has an overall per-
turbation of order O(h™">21-21) = O(h) (since n > 3/2) of the backward Euler method when the solution has a

10
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discontinuity, which is similar to what has been observed for flux-based partitioned Runge-Kutta methods [9} [14} [11].
But this is less than the desired O(h*/?) and would suggest that the global error is O(1). (We remark that a similar
analysis of the backward Euler method would suggest that it has a local truncation error of only O(h) as well!) In
fact, there are very few transition cells, and each is only of width /4, so in an L' norm, we should expect that they do
not degrade the overall accuracy (provided n > 7/4). The numerical results of the next subsection suggest that this is
indeed the case.

4.3. Numerical convergence

We test the convergence rate of our numerical scheme on the nonlinear Burgers equation with a simple initial
condition; that is, for the problem
u +W?/2), =0, xe(0,2), (4.10)

with the initial condition (IC)
uo(x) = 0.5 — 0.25 sin(7rx). “4.11)

The test uses a uniform grid with m elements, Ax; = h, € = h?, and = 2.

We ran the computation over gradually refined meshes up to time ¢ = 1, before shocks develop. The numerical
errors and convergence orders for the adaptive scheme are given in Table using various CFL numbers with wBE =
At*>. We see third order convergence in both the discrete L! and L™ norms, which is consistent with the theory in
Section .11

L L

m error order error order
At=h
640 321E-06 293 | 428E-05 2.87
1280 | 4.05E-07 299 | 547E-06 2.97
2560 5.07E-08 3.00 | 6.87E-07 2.99
At = 10h
1280 1.86E-04 229 | 2.81E-03 1.92
2560 2.86E-05 2.70 | 4.84E-04 2.54
5120 3.78E-06 292 | 6.57E-05 2.88
At = 50h
5120 3.09E-04 2.06 | 4.39E-03 1.67
10240 | 5.12E-05 2.59 | 845E-04 2.38
20480 | 7.13E-06  2.85 1.23E-04  2.78

Table 4.1: Burgers equation (#T0) with IC @TT), before the shock develops. Error and convergence order at = 1.

Next we test the convergence rate by fixing wPE at each gridpoint. The results are shown in Fig. We first take
wBE = 0 at x; when i is even and wPF = 1 at x; when i is odd. Hence, in the context of Section[4.2] we are choosing
to make every cell a transition cell. We see O(h) order of convergence (circles) which supports our contention that
the transition cells do not degrade the overall accuracy. However, if we take wBE = 1 at x,,/» and wBE = 0 at all
other gridpoints, second order convergence is observed (squares). This is also consistent with our contention that
the transition cells do not degrade the overall accuracy very much, and that their influence is proportional to 2 when
discontinuities in the solution are isolated. We also show the convergence of the Radau IIA method, that is, using
wBE = 0 at all gridpoints, which achieves the optimal third order accuracy for this smooth problem.

Now we take the final time ¢ = 2 after the shock has developed. Table shows the third order convergence on
[0.2,0.6] U [1.4, 1.8] where the solution is smooth using At = 3k and At = 5h.

We finally take the step function

a x<0.5,

Hee0) = {b x> 05, (+12)
as the initial condition with @ = 1 and b = 0. The shock travels with speed 1/2. Table .3|shows that the convergence
rate of all three schemes is first order. Section 4.2 showed that the adaptive Runge-Kutta method is a perturbation of
the backward Euler method which should not reduce the overall order of accuracy in the presence of a discontinuity.
In theory, the local truncation error of backward Euler for discontinuous solutions is O(hl/ 2) [24] 25]]; however, in

11
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-log ,(h)
6 7 8 9 10

23 |

-28 |

Figure 4.1: Burgers equation @.I0) with IC (#IT) before shocks develop. Error and convergence order at r = 0.5 with At = h. Circles are the
results using alternating values of wPE. Squares are the results using wBF = 0 except at Xmj2. The ‘+’ signs are the results using wBE = 0 for all
gridpoints.

At =3h At =5h
L Ly L Ly
m error order error order error order error order
160 8.23E-06 2.92 1.78E-05  2.95 393E-05 2.85 | 8.20E-05 2.87
320 1.05E-06 297 | 2.25E-06 2098 5.07E-06  2.96 1.05SE-05  2.97
640 1.32E-07 299 | 2.82E-07 299 6.40E-07 298 1.32E-06  2.99

Table 4.2: Burgers equation @.10) with IC [@IT) after shocks develop. Error and convergence order at 7 = 2 on [0.2,0.6] U [1.4, 1.8], which avoids
the shock.

practice the error tends to behave more like O(h) (see, e.g., [16]), and we see this same order of accuracy for our
adaptive scheme.

5. Von Neumann stability analysis
We analyze the constant coefficient linear advection-diffusion equation
u;+au,—Du,, =0, xeR, t>0, é.1)

where a > 0 and D > 0. In this section, we will also assume that we use a uniform grid, so Ax; = h, for all j.

‘We apply the von Neumann stability analysis (see, e.g., [26]]) to show that the linear scheme is L-stable for smooth
solutions. Consider the kth single Fourier mode #(x, 1) = T(¢)e**, where in this section i is the canonical imaginary
root of —1. Without loss of generality, assume xo = 0, so x; = jh. Then

ij(t) = T(t)e™ = T(t)e™" = T(1)e'”, (5.2)

‘Tn+l|

TR 0. In terms of (5.2), the kth single Fourier mode at

where 0 = kh. We want to show that ||TL'

< land lim
| At—>c0

our three time levels are
_ g ot . _ .
u;t — T}’Lel](')’ I/tl; /3 — Tn+l/3eljf)’ and MT—] — Tn+lez]6'

We assume that the solution u is smooth. WENO methodology then implies that all the nonlinear weights are
approximately equal to the linear weights. That is, in space, @; ~ ; for all j, and in time, W?fl n= W‘fi =W =w,

w > 0, and WJR;‘?;‘;‘ = W?f‘]ij“z‘ ~ 1-wBE = 1 —w. The Butcher tableau for this Runge-Kutta method is given in Table|5.1

12
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At =2h At = 10h At = 14h
I ) )

m error order error order error order
BE
160 1.04E-02  0.98 2.73E-02  0.98 3.15E-02 1.05
320 5.22E-03  0.99 1.37E-02  0.99 1.47E-02 1.10
640 2.62E-03 1.00 6.86E-03 1.00 8.59E-03  0.77
Radau
160 7.27E-03 1.00 1.70E-02 1.00 1.97E-02 1.03
320 3.64E-03 1.00 8.47E-03 1.00 8.52E-03 1.21
640 1.82E-03 1.00 4.23E-03 1.00 5.14E-03  0.73
Radau + BE
160 1.03E-02  0.98 2.71E-02  0.97 3.13E-02 1.06
320 5.19E-03  0.99 1.36E-02  0.99 1.45E-02 1.11
640 2.60E-03  0.99 6.83E-03 1.00 8.56E-03  0.76

Table 4.3: Burgers equation @.10) with Riemann IC {@12), a shock moving with speed 1/2. Error and convergence order at 7 = 1 for backward
Euler (BE), Radau IIA, and the adaptive procedure.

1| 5 _ L 1 1
3| 121" T W
35 1,5
1 Z_EW Z+EW
3_5 1,5
v it v

Table 5.1: Butcher tableau for the third order Radau ITA adaptive method with BE for smooth u.

Because the WENO nonlinear weights reduce to the linear ones, the reconstruction of the left point value at
Xj-1/2 € Ij_l is

- 1 _ _
i (1) = Ri(xjm1 03 0) = Pa(xjo1 ) = g (Citj-2 + Sty + 201 ),

and, from 2.4),
, , o _ _
Uy j-1/2 = R_’?O (xXjo1/2,0) = PE(xj_1p2) = m(uj—z — 1501 + 150 — @tjy).
The numerical flux terms are
Fivip = fisip = Z[(itjoy + 5t + 2itjo1) = (=i + Sitjoy + 2it;)]

[ﬁj_z - 61,_£j_1 + 317!1' + 217!]4_1)]

= —T(0)e"[e - 6e7 +3 + 2",

AN

using (5.2)) at the fixed time ¢. Moreover
e 20 _6e70 + 3 426 = (cos — isin0)> — 6(cos O — isin @) + 3 + 2(cos 0 + i sin 6)
=cos?0 —sin’ 6 — 2icosHsinf + 3 — 4cos O + 8isin 6
2 —4cosf+2cos’ 6+ 2isin (4 — cos 6)
=2(1 = cos B)* + 2isin 6 (4 — cos ),

which has nonnegative real part. The numerical diffusion terms are

—(ilj+1/2 - ilj—1/2) = [(ﬁj—l - 1517!1‘ + 1517tj+1 - I,_tj+2) - (ﬁj_z - 1517[1'_1 + 1517!1' - ﬁj.,.])]

12k
D _ _ _ _ _
= m[uj_z - 161/!/'_1 + 301/{] — 16uj+1 + uj+2]
D . ) ) ) )
= mr(z)elﬂ’[ﬂ6 — 167 +30 — 16" + €*7],

13
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and
e 2 — 167 + 30 — 16e" + ¢*7
= (cosf — isiné’)2 —16(cos @ —isin#) + 30 — 16(cos @ + isind) + (cos 6 + isin9)2
=30 — 32 cos 8 + 2(cos> 6 — sin” 6)
=4(1 — cos 8)(7 — cos ),

which is nonnegative. Therefore, the number
(=T e o Al [(fm/z Fim12) = (hjsrya = hjo12)]

Al,,
h

{3 [(1 = cos6)* +isinf (4 — cos )] + —(1 —cos 6)(7 — cos 0)} (5.3)

is complex and has nonnegative real part.
Substituting the above results into (3:9)—(3-10) and using Table[5.1] we have that

1 1
n+1/3 _ _ n+1/3 n+1
T [(— o ) (- 2+—12 W)™ ¢ =0,
Tn+1 [(_ _ W)Tn+l/3 + ( + ZW)TIHI]{ =0,

and in the matrix form,

R2+G-w)¢  (=1+wy¢ |[113 _ 12
O -5w)¢  1R2+@+5w|| | T (12|

Hence, after inverting the 2 X 2 matrix,

12[(=9 + 5w)¢ + 12 + (5 = w)(]
[12+ (5 = w112+ 3 + 5w)] + (1 = w)(9 = 5w)?
B 18 + 6(—1 +w)l
18462+ w) + (3 + w)?
=) T".

TIH-I

Since ¢(¢) is quadratic in £ in the denominator (recall that w > 0) and linear in { in the numerator, when At — oo, we
have || — oo and so |T"*!| — 0. Thus the scheme is L-stable provided it is A-stable, i.e., |¢({)| < 1.

Let{ = v +i6, v > 0. Then [$()I* = ¢()$({) = y/u, where
y =36[(v(w — 1) + 3)* + 8*(w — 1)?],
w=1[18+6(2+w) + 3+ w18 + 6(2 + W) + (3 + w)?]
324 + 1082 + w)(Z + &) + 183 + w)(Z* + ) +36(2 + w)* |2 + 6(2 + w)(3 + WA + 0) + B + w)|¢]*
Vi + 3)7 + 12 (0% + 5w + 6) + 207 |2 (w + 3)7 + 18w + 5w + 7))
+ 120(w + 2) [6%(w + 3) + 18] + 6% (w + 3)? + 3657 (w? + 3w + 1) + 324,

We can compute
p=y =viw+3)7 + 127w + 2w + 3) + 27 (62w + 3)* + 18(Tw + 6))
+ 12y [8%(w + 2)(w + 3) + 54| + 6*(w + 3)? + 1806%w 2 0.

So, indeed, |¢(0)]*> = y/u < 1. Thus, in terms of von Neumann stability analysis, the scheme is unconditionally
L-stable for the linear equation when u is smooth.

14
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6. Definiton of the smoothness indicator for the adaptive Runge-Kutta method

We suggest using smoothness indicator (3.13)), but there are other possibilities. Here we show results of testing
various candidates for the Radau ITA smoothness indicator on the nonlinear Burgers equation (#.10). Tests applied to
the Buckley-Leverett equation are not shown here because similar trends were observed. For simplicity, we suppose
here that the wave speed is positive.

We begin with the simplest definitions for the Radau IIA smoothness indicator. These include detecting a shock
in space using only one time level, i.e.,

Radau __

—n+6
Tir1j2 = -

0 _ @02, where 6 €{0,1/3,1},

and detecting a shock in time using either the upstream, i.e.,

Radau _ (—n+1 _ =-n\2 Radau _ (—n+1 _ = 2
o = @ w)” and oSy = (D) —w,)7,
or downstream direction, i.e.,
Radau _ (=n+1 _ -n 2 Radau _ (=n+l _ =n\2
Oy = @y — ) and o TN = (] ;).

— reference
+ Radau
- - BE .
- - Space 6= 1 L
- - Space 6= 1/3
Space =0
Time Upstream
- - Time Downstream

—reference
+ Radau
° BE
Space (¢,,60,) = (0,1)
- - Space (0,,0,) = (1/3,1)
- - Space (0,,6,) = (0,1/3)
Time Upstream + Space = 0
- - Time Upstream + Space ¢ = 1/3
- - Time Upstream + Space ¢ = 1

0.8

0.2

0 0.2

Figure 6.1: Burgers equation with IC {@IT) at time ¢ = 2, m = 256 and
At = 5h using one difference in the smoothness indicators. The blue
solid line is the reference solution. The red open squares are the third
order Radau IIA results (wBE = 0). The green circles are the backward
Euler results (WBE = 1). The dashed lines are the Radau IIA with
backward Euler (WBE = Ar?) with simple definitions of the Radau IIA
smoothness indicator.

Figure 6.2: Burgers equation @10) with IC @IT) at time r = 2, m =
256 and At = 5h using two differences in the smoothness indicators.
The blue solid line is the reference solution. The red open squares are
the third order Radau IIA results (wBE = 0). The green circles are the
backward Euler results (wBE = 1). The dashed lines are the Radau IIA
with backward Euler (wBE = A#2) with two-part Radau IIA smoothness
indicators.

The results for these five (overly) simple definitions of the Radau ITA smoothness indicator on the nonlinear
Burgers equation are shown in Fig. [6.I] Detecting a shock in space using § = 1 gives the sharpest solution while
taking & = 1/3 and 6 = 0 are nearly as good, but all three overshoot badly. On the other hand, detecting a shock
in time using either the upstream or downstream direction produces slightly less overshoot, but the fronts are not as
sharp as the space indicators. Using these simple definitions for the smoothness indicator, however, means that the
adaptive scheme does not reduce to the backward Euler method enough, which causes overshooting of the solution.
To further reduce the oscillations in the solution we must define a more complex Radau ITA smoothness indicator.

We now increase the complexity of the smoothness indicators by using two differences in the definition. We can
detect a shock in space using two out of the three time levels, i.e.,

Radau

n+6,
Tix1/2

_ —n+6, _
- (uiil i+l

@Y+ @ - @), where (61,6,) € {(0,1),(1/3,1),(0,1/3)}.

Moreover, a combination of detecting a shock in space and time is plausible using a single time level as well as the
upstream time direction, i.e.,

Radau Radau
and o)),

_ n+l _
Tivip =

= (-
15

ntl _ o2 ol n N2 (ne0
@ =y + @l - )"+ @ -

—n+60,\2 —n+6\2
o) i),

where 6 € {0,1/3, 1}.
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(Similar to the simple smoothness indicator defined solely by the downstream time direction, indicators which include
a downstream time part produce either the least sharp solutions or produce results only comparable to those produced
by indicators which include an upstream time part. Thus, definitions with downstream time parts are left out in order
to reduce clutter.)

The results of using these two-part smoothness indicators are shown in Fig.[6.2] As expected, combining the two
space levels 6, = 1/3 and 6, = 1 produces the best result. Overall the solutions of our numerical scheme using
slightly more complex definitions of the Radau ITA smoothness indicators maintain a fairly sharp front, but continue
to overshoot more than desired.

Hence, we once again increase the complexity of the smoothness indicators to three differences or more. For
three-part definitions, first recall @ which detects a shock in space. Furthermore, we can use a combination of
detecting a shock in space and time by defining

R = @ = W) W+ @ -
where 6 € {0, 1/3, 1}. Here we are using both the upstream and downstream time directions. For different 8, we see
negligible differences in the solutions, so, without loss of generality, we take § = 0. The indicator we describe as
full space-time upstream detects a shock in space using all three time levels and detects a shock in the upstream time
direction, i.e.,

Radau

O—i+1/2 — (a?+l ) + (un+1/3 -r'z+1/3)2 + (ﬁ?;rll _ a(z+1)2 + (un+l/3 _4)2 + (lft’-”l _ ﬁr?+1/3)2,
O_Eald/azu — (’er‘l—l n) + (—n+1/3 -n+l/3) + (un+l —n+l) + (—n+1/3 i ]) + (un+1 L—t:zj—ll/?a)z.

The indicator we describe as full space-time is the full space-time upstream indicator, but also uses the downstream
time direction, i.e.,

Radau _ /-n n+1/'§ —n+1/3 2 n+l —n+1 2
Ticrjp = (i — i) + (i, w ) (g — )
+1/3 _ =ny\2 —n+1 —n+1/3\2 +1/3 2 1 —n+1/3\2
@ @t -t @ - - ey,

The results of the numerical scheme using these more complex smoothness indicators of three differences or more
are shown in Fig.[6.3] Although all still overshoot, it is to a slightly less degree than we have seen in previous cases.
Moreover, the most involved definitions of more than three differences do not produce significant improvements in the
solution compared to some of the simpler definitions. Thus, we cannot justify the decrease in computational efficiency
required to use such complex indicators.

—reference
08 - Radau
° BE
- - Space 3-part
Time 2-part + Space ¢ = 0

- - Full Space-Time Upstream
| - Full Space-Time

Figure 6.3: Burgers equation .10) with IC @.IT) at time ¢ = 2, m = 256 and Ar = 5h using three or more differences in the smoothness indicator.
The blue solid line is the reference solution. The red open squares are the third order Radau IIA results (WB® = 0). The green circles are the
backward Euler results (wBE = 1). The dashed lines are the Radau IIA with backward Euler (wBE = A#2) with complex definitions of the Radau
smoothness indicator.

The decision of how to define the Radau ITA smoothness indicator is a balance of finding the appropriate amount
of complexity in order to reduce oscillations in the solution, yet maintain a fairly sharp front. From the analysis above
the best candidates to achieve such a balance are the indicators with two or three differences. We can narrow down
this large pool of candidates by increasing the CFL number. As the CFL number is increased, the solutions from
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indicators with a time component quickly drop to backward Euler in these one-dimensional tests, but not the solutions
which use smoothness indicators that only had space components, see Fig.[6.4] The reason for this observed behavior
is that the shock touches many mesh cells in space over the time interval when the time step used represents a high
CFL number. On the one hand, the indicators with a time component see the shock at each of these cells, and so
backward Euler is used for all these cells. On the other hand, the three-part space indicator sees the shock only near
the three times ", 1"*1/3, and **!; that is, at far fewer mesh cells. So the scheme drops to backward Euler for many
fewer cells, and the solution follows the Radau ITA results better. In summary, we have narrowed down the choice of
smoothness indicator to the two and three-part space indicators. Our choice of (3.13)), the three-part space at all time
levels, is a nice balance of competing interests, at least in one space dimension.

s —reference = —reference
o8- : - Radau 08l ko . Radau
s o BE St © BE
Time Upstream + Space 0 = 0
- -Time Upstream + Space 0 = 1/3]
Time Upstream + Space 0 = 1
- -Time 2-part + Space = 0

Space (0,.0,) = (0,1)
- -Space (6,.6,) = (13,1

-Space (¢, 4,) = (0,1/3)
- -Space 3-part

(a) Time Definitions. At = 18h. (b) Space Definitions. Az = 18h.

—reference —reference

Time Upstream + Space ¢ = 0
- -Time Upstream + Space 6 = 1/3|
Time Upstream + Space ¢ = 1
~Time 2-part + Space = 0

Space (¢,.0,) = (0,1)
-Space (6,6,) = (1/3,1
- -Space (0,,0,) = (0,113
-Space 3-part

(c) Time Definitions. Af = 40h. (d) Space Definitions. At = 40h.

Figure 6.4: Burgers equation with IC @IT) at time # = 2 and m = 256 at a high CFL number. The blue solid lines are the reference solution.
The red open squares are the third order Radau IIA results (WBE = 0). The green circles are the backward Euler results (WBE = 1). The dashed lines
are the Radau ITA with backward Euler (wBE = Ar?) with smoothness indicators with or without a time component.

7. Numerical results

We present examples of our numerical scheme to test its accuracy and performance. We compare the results of
third order Radau IIA, the adaptive scheme combining Radau ITA with backward Euler (using smoothness indicator
(3:13)), backward Euler, and third order implicit SSP methods with two stages (s = 2). We use WENO-AO(3,2) and
WENO-AO(4,3) spatial reconstructions for a third order scheme. Unless otherwise stated, all the tests in this section
use a uniform grid with m elements, Ax; = h, € = K2 and n=2.

7.1. Burgers equation
We test the schemes on the nonlinear Burgers equation with the smooth initial condition (#.TT)). The results shown
in Fig. [T.TJuse m = 256 grid cells. The SSP coefficient is ¢ = 2.73. When At = 3h, all the schemes seem to work well.
The Radau ITA with backward Euler is more diffusive than the Radau IIA scheme but has a higher resolution than the
backward Euler scheme. When At = 5h, the Radau IIA with backward Euler scheme reduces oscillations near the
17
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shock compared to the Radau IIA. For the longer timestep, the SSP scheme has excessive oscillation, and is in fact
unstable.

o8 —reference —reference
o Radau o Radau
° BE ° BE
- -Radau + BE]| - -Radau + BE|
1
/
i
0 o0z 04 08 08 1 12 14 16 18 2 0 oz o4 06 o8 1 12 14 16 18 2
(a) Radau ITA and BE. At = 3h. (b) Radau ITA and BE. At = 5h.
o8 o8
07 07 7
os o8
os os
0s 0s
. / ”
0z 0z
D T T Y T D Y B T Y S B S ¥ T T R
(c) SSP. At = 3h. (d) SSP. At = 5h.

Figure 7.1: Burgers equation @I0) with smooth IC (IT) at time 7 = 2 and m = 256. The blue solid lines are the reference solution. In @and @,
the red open squares are the third order Radau IIA results (wBE = 0). The purple dashed lines are the Radau ITA with backward Euler (w5® = Ar%).
The green circles are the backward Euler results WBE = 1). In () and @, the red dots are the third order implicit SSP method (s = 2).

We now take the step function (4.12)) as the initial condition with a = 1 and b = 0. Recall that the shock travels
with speed 1/2. In Figs. [7.2a]and [7.2b] we see that the new adaptive scheme can capture the shock and is more stable
than Radau IIA when using a large timestep. In contrast, for this problem, the adaptive scheme is not better than the
backward Euler scheme for both A7 = 2h and At = 10h, since the true solution is piecewise constant. Fig.[7.2d|shows
the (unstable) third order SSP scheme produces more oscillations using At = 5h than Radau IIA using At = 10h.

@

—exact —exact
= Radau o = Radau o
- °BE g °BE
B
| - “Radau + BE, At} " “Radau + BE, At% R

o - op 0

\ e
&, EN

0 0z o0& a8 o8 1 A2 416 b2 o 0z os o8 08 1 A2 14 16182

(a) Radau ITA + BE, At = 2h. (b) Radau IIA + BE, At = 10h. (c) SSP, At = 2h. (d) SSP, At = 5h.

Figure 7.2: Burgers equation #I0) with Riemann IC attime # = 1 and m = 160. The blue solid lines are the reference solution. In (g)
and (ﬂ), the red open squares are the third order Radau IIA results (wBE = 0). The purple dashed lines are the Radau IIA with backward Euler
(WBE = A). The green circles are the backward Euler results WBE = 1). In (El} and (d), the red dots are the third order implicit SSP method
(s=2).
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7.2. Buckley-Leverett equation

The next example uses the nonconvex Buckley-Leverett flux function

u?

fu) 20w (7.1
for which § = maxejo.171f" ()l = 2.2057. We take the step function in #I2) with @ = 1 and b = 0 as the initial
condition on [0, 1] with periodic boundary conditions. We use m = 100. Fig. shows the results of the four
schemes. The results are very similar when At = 0.005 (CFL 1.1). But when Ar = 0.02 (CFL 4.4), we see the
Radau ITA with backward Euler is an improvement over the Radau ITA results, though it overshoots slightly. The SSP
method also becomes unstable.

¥
& — —IC
o é Hadau Hadau
BE
) Radau BE Hadau BE
(a) Radau ITA + BE.Ar=0.005. (b) Radau IIA + BE. Ar = 0.02. (c) SSP. Ar = 0.005. (d) SSP. Ar = 0.02.
Figure 7.3: Buckley-Leverett equation at time # = 0.085 and m = 100. The blue solid lines are the initial condition. In @) and @) the red open
squares are the third order Radau ITA result@ (wBE = 0). The purple dashed lines are the Radau IIA with backward Euler (wBE = A#?). The green
circles are the backward Euler results (wBE = 1). In 1Ii and d the red dots are the third order implicit SSP method (s = 2).

7.3. Burgers equation with diffusion
We now consider Burgers equation with linear diffusion,

u+ ?)2)y —Duyy =0, x€eR, >0, (7.2)

where D is assumed to be small, i.e., the equation is advection dominated. Exact solutions can be found using the
Hopf-Cole transformation, and we take the exact solution

—2Dr cos(nx) exp(—Dn’t)
2 + sin(rx) exp(—Dr%t)

u(x,t) = (7.3)

‘We show the results for D = 0.1, 0.01, 0.001, with At = 10.5A in Table We see the expected convergence
rates, and that the errors are not appreciably worse as D — 0 (in fact, they improve in this test).
We now take the step function (@.12) as initial condition. The exact solution is

b—ua l—erf(%)

. ., h(y,n = ,
1+ h(y. nexp (520 - cn) l—erf(—%)

u(x,t)y=a+

where y = x — 1/2and ¢ = (a+ b)/2. Wetakea = 1, b = 0.1, and D = 0.01. The results in Fig. show that

the value of wBE affects the sharpness of the solution near the shock. The adaptive Radau ITA with backward Euler

scheme approximates the steep front very well. When using wBE = h?, the results are slightly better than when using
wBE = A2, but then the solution overshoots more when the timestep is large.
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m error order error order
D = 1E-01

320 1.36E-04 256 | 1.19E-04  2.56

640 1.93E-05 2.82 | 1.67E-05 2.82

1280 | 2.50E-06 295 | 2.17E-06  2.95
D = 1E-02

320 | 5.36E-08 297 | 6.15E-08 2.97

640 | 6.72E-09 299 | 7.72E-09 2.99

1280 | 8.47E-10 299 | 9.73E-10  2.99
D = 1E-04

320 1.86E-12 296 | 420E-12 295

640 | 2.36E-13 298 | 533E-13 298

1280 | 2.96E-14 299 | 6.71E-14  2.99

Table 7.1: Smooth solution to Burgers equation with diffusion. Error and convergence order at T’ = 1 with Az = 10.5h.

—exact

- ‘Radau+BE, h
[~Radau-+BE. At

—exact
° Radau
°BE

- ‘Radau+BE, h
[~Radau+BE, At]

o 0z o4 o0s o8 1 4 18 18 2 0 o0z 04 o5 o8 2 14 16 18 2 0 o0z o0s o8 o8 2 14 s 18 2z 0 o0z o+ o6 08 2 14 18 1s

(@ At=4h,T = 1. (b) At = 4h, T = 2. () At=10hT = 1. (d) At =10h, T = 2.

Figure 7.4: Burgers equation with diffusion and step IC @12). The blue solid lines are the exact solutions. The red open squares are the third
order Radau IIA results (wBE = 0). The green circles are the backward Euler results (wBE = 1). The purple dashed lines are the Radau IIA with
backward Euler and wBE = h2. The black solid line with ‘+’ signs are the Radau IIA with backward Euler and wBE = Ar2.

7.4. Numerical results in 2D
We now give results of the adaptive Runge-Kutta method in two space dimensions using second order Strang
splitting [18]]. For these tests, we impose periodic boundary conditions and use an m X m uniform rectangular mesh

with edge length h.
We begin with examples for the two dimensional Burgers equation

w + (U?/2), + W?/2), = 0.
First, we impose the initial condition (IC)

u(x,y,0) = 0.5 -0.25sin(r(x +y)), (x,¥) € [0, 21%. 7.4)
We use a 256 x 256 uniform grid and take Ar = 5h. Figure[7.5]shows the result of the adaptive Runge-Kutta method at
t = 2. As in the one dimensional case, the scheme appears to give results with only slight oscillation near the shock.

Second, we again consider the two dimensional Burgers equation but now impose the initial condition (IC)

u(x,y,0) = sin*(mx) sin’(my),  (x,) € [0,2]%. (7.5)
For this example we use a 160 X 160 uniform grid and take Az = 4h. Figure [7.6] shows the result of the adaptive
method at 7 = 0, 0.75, and 1.5. The scheme resolves the shock well.

Finally, we consider the rotation of a square patch on [0, 1]* using the equation

uy = ((y = 1/2Du), + (x = 1/2)u), = 0. (7.6)
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Figure 7.5: Burgers equation with IC (7.4) using m = 256 and At = Shatt = 2.

O OR

Figure 7.6: Burgers equation with IC (7:3) using m = 160 and At = 4h att = 0, 0.75, and 1.5.

We use a 160 x 160 uniform grid and take Ar = 37h. Figure[7.7)shows the results after rotations of 7/4 and /2. For a
large timestep, such as At = 4zh, Newton’s method does not converge if the smoothness indicator used in the adaptive
Runge-Kutta scheme lacks a time component. The scheme reverts to composite backward Euler time-stepping over a
larger region of space than when there are no time components in the smoothness indicator, and so the overall scheme
is more numerically diffusive. This makes the problem easier to solve, and Newton’s method converges. But, of
course, the solution is no better than what composite backward Euler gives, so we prefer to limit the time step and use
the smoothness indicator (3.13)) based on detecting a shock only in space.
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Figure 7.7: Rigid body rotation using m = 160 and At = 3nh at t = /4 (left two figures) and 7 = /2 (right two figures).

8. Summary and Conclusions

We developed a finite volume approximation of the scalar hyperbolic conservation law or advection-diffusion
equation suitable for using timesteps longer than the CFL timestep. The space discretization uses weighted essentially
non oscillatory reconstructions with adaptive order (WENO-AOQO). The time evolution uses an adaptive Runge-Kutta
method which is a weighted combination of a high order implicit Runge-Kutta method and the composite backward
Euler method.

Because SSP methods are only conditionally stable, and the stability constraint is close to the CFL limited
timestep, we needed to use other Runge-Kutta methods. Because the advection-diffusion equation is stiff, the L-
stable, implicit, third order Radau ITA method was chosen, even though it can produce some oscillation in the solution
near discontinuities or steep fronts. To reduce these oscillations, the method reverts to composite backward Euler
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near discontinuities, using a weighting procedure inspired from standard spatial WENO methods. We proved that
the weighted scheme was third order accurate for smooth solutions, and we saw computationally that the scheme
maintains third order accuracy away from discontinuities, and overall reduces to the accuracy of the backward Euler
scheme. We also saw that the adaptive Runge-Kutta method was successful in reducing oscillations in the solution. We
also proved, via a von Neumann stability analysis, that the scheme is unconditionally L-stable for the linear problem,
at least when the solution is smooth.

We considered many possible definitions of the smoothness indicator needed to weight the adaptive Runge-Kutta
method. We concluded that simple indicators do not reduce the oscillations enough, and that indicators that include a
difference in time reduce to backward Euler when using very long timesteps (i.e., at high CFL number). We therefore
advocated for the use of @[) which measures smoothness only in space, but at all three time levels.

We conclude that our new scheme is successful in handling the 1D scalar hyperbolic conservation law (and
advection-diffusion equation) using relatively long timesteps. Future work might consider whether some theory could
be developed to adjust the scheme’s parameters (such as ng, €, and 1) to minimize the oscillations in the solution.
Moreover, future work might consider the definition of the adaptive Runge-Kutta smoothness indicators when using
methods higher than third order, and also when solving systems of equations. We successfully solved 2D problems
using second order Strang time splitting. Future work might also consider genuine 2D schemes for nonrectangular
computational meshes (the use of WENO-AO allows the spatial reconstructions to work well in this case [21}[17]).
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