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0.2.1 Scheme/Algorithm b/t Art and Science

Design

e Analysis: from art to science

e Experimentation
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0.2.2 Goals

e Understanding scheme
e Analyzing scheme

e Appreciating scheme

This course will not be a comprehensive exposure of all aspects. Instead,
we aim at providing a flavor of analysis and an overview of general issues.
A standing point for your scientific career with computation.

0.3 Prerequisites

e Computer Language: Matlab, Fortran, C

e Mathematics: PDE, application and analysis, or equivalent

0.4 Syllabus

e Finite difference method: parabolic equations (4weeks)
e Finite volume method: hyperbolic equations (4-5weeks)
e Finite element method: parabolic equations (4weeks)

e Special topics: spectral method, multiscale method (2-3weeks)

Difficulties: no general quantitative PDE theory, therefore schemes are
problem-dependent.

0.5 Grading

o Attendance

e Assignment: submitted every two weeks including analysis and pro-
gram

e Final

Office hours: by appointment.



Chapter 1

Finite Difference Method for
Parabolic Equations

1.1 Parabolic Equations—An Overview

The understanding of the underlying equations is crucial for the design and
analysis for schemes. Here we briefly discuss the basic features of parabolic
equations.

1.1.1 Heat Equation—A Linear Example

Let a function u(t,z) be the temperature of an object. We have the heat

equation
U = bl (1.1)

Different boundary conditions may be imposed.

e Cauchy problem (IVP: Initial- Value-Problem) Consider (1.1) in (x,t) €
R x RT.
u(0,x) = up(x) (1.2)

e [BVP (Initial-Boundary-Value-Problem) Consider (1.1) in (z,t) €
[a,b] x RT. Initial condition is

u(0,x) = up(z). (1.3)
Boundary conditions are
u(t,a) = uq(t), u(t,b) = up(t) (Dirichlet boundary condition) (1.4)
or

ug(t,a) =0, ugy(t,b) =0 (Neumann boundary condition)  (1.5)
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Fourier transform is an indispensable tool for studying linear partial
differential equations. Regarding ¢ as a parameter, we define

+o00 .
Flult, ) = at,w) = \/12? / ult, z)e " da. (1.6)

The function in physical space may be obtained by an inverse Fourier trans-
form.

+o0 )
ult,z) = F Y (a(t,w)) = \/12? /_ a(t, w)e“ dw. (1.7)

An important property of the Fourier transform is the Parseval’s rela-
tion.

+o00 +o0
/_ \u(t,w)|2dx—/_ (it w) 2w, (1.8)

Therefore, the Fourier transform F : L? — L? defines an isometry

2 . 2
[ u(t, 2)” 2= a(t,w)” |2 - (1.9)
The Fourier transform is a linear operator. It commutes with the time
differentiation operator.
0
Flug) =

—1. 1.10
5 (1.10)
For the spatial differentiation, we compute

1 e —iWT
Flug) = \/ﬂ/ uze "“rdr

Y R
= — e "“*du
V 27 /oo
1

. too (1.11)
= —— (ue™™" [T 4w ue” "“rdx)
V2T o0 o0
iw e WL
= ue "“dx
V2T J o
= wi.

We should note that in equations (1.10) and (1.11), the interchange the
order of differentiation and integral requires u(¢,z) to be “good” enough.

In the wave-number (spectral) space, the heat equation is transformed
into

0 . 9.
= i, (1.12)
(0, w) = tg(w).
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At each wave-number k, we have the solution 4(t,w) = zloe_b"ﬂt, while the
dispersion relation gives A = —bw?. Therefore, we compute

u(t,z) = FL(a(t,w))

1 oo iwx  —bw?t 1 oo —iwy
:E e'“re [E e "“Yuy(y)dy|dw

1 ee 1 e w(r— —bw (113)
:M/ (7 e  dw)ug (y)dy

]
= e u
2Vt J o ey

2
In this expression, the term e in (1.13) equation is the heat kernel.
This expression implies a “smoothing” effect of the heat diffusion, as well as
the regularity of the solution. Actually, because the term e~%" dominates
as w — +0o, we find that

OFmu(t, x)
otldzm

1 too
=75 / ewx(iw)m(—bwz)le_bw2ﬂ,0(w)dw. (1.14)
T J—00

An extension of the heat equation is an advection-diffusion equation.
It reads
U + auy = bugy. (1.15)

We make a change of variable.

w(t,y) = u(t,y + at). (1.16)
Then we get
wy = U + aug, (1.17)
Wy = Ug, (1.18)
Wyy = Ugpg. (1.19)

The convection-diffusion equation (1.15) is transformed into the heat equa-
tion.
wy = bwyy. (1.20)

We observe that (1.15) includes two mechanisms, namely, an advection at
a constant speed a (to the left when a > 0), and a “smoothing ”mechanism
due to diffusion.

1.1.2 Nonlinear Parabolic Equation

The Burgers’ equation is an example for nonlinear parabolic equation.

U + Uty = bugy. (1.21)
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Figure 1.1: Derivative and difference

t+ At

Using the Cole-Hopf transform

we obtain a heat equation

u=—2p%% (1.22)
r
ot = bpgy. (1.23)

1.2 Introduction to Finite Difference Method

Heuristically, the finite difference method comes naturally from the defini-
tion of derivatives as a limit of the quotient of differences, as shown in Figure

1.1

Time:
Space:

ou . u(t+ At x) —u(t,x)

a0 = A, Al (24
ou Lu(t,r 4 Az) —u(t, )
it = Jm MO

A finite difference method includes the following basic ingredients.

e Grid: domain discretization (see Figure 1.2).

02t0<t1<t2<"‘<tn<---<tN:T;

(1.26)
a=20 <11 <Ta< < Ty <---<xNy="b
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t A

sy

Figure 1.2: Schematic view of the grid.

In particular, for a uniform grid, we have

{tn = nat (1.27)

T = a + mAx

Later on, we shall use the notations k = At, h = Ax.

e In numerical computations, we work with a finite set of numerical
values. Typically, though not necessarily, we relate them with the
values of the continuous function u(x,t) at the grid points.

up, 2 u(t", ). (1.28)
e Initial data is typically assigned from the continuous initial condition.

ul, = (0, 2,,). (1.29)
Treatment of boundary data is more complex, and we defer the dis-
cussions later.

e The numerical solution is obtained from a scheme, that is, a formula
to derive numerical values at a higher (later) time level from previ-
ous ones. The goal of the scheme is to approximate the continuous
solution properly, i.e. u)}, — u(t", x,n). The meaning of the limit will
be precisely defined later. The major task of scientific computing or
numerical analysis is to design and to analyze schemes.
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The design of a scheme starts with numerical derivatives. But from
a derivative, there are many different ways to approximate. For temporal
derivative, we may take either of the following approximations.

ou
g (1 #m)
~ u(tn+1,£€m) —u(t", Tm) . u%—i-l —u
k k
w(t™, ) — u(t™ 1z w1
) —u e - .
k k
or u(thrl,xm) _ U(t”,szl);u(tn,wwﬂrl) . unm+1 _ %
K k
or u(tn+17xm) _ U(tnfl,xm) . Unerl B u"mfl
2k 2%

The spatial derivative also has several possibilities.

", )
%u(t”,xmﬂ)%u(t”,xml) — U%HQ;L iy = D.u", central difference
oru(tn’ $m+1)h_ u(t 2m) — U 11 ; i = Du,, forward difference
oru(tn7 Zm) —hu(t", Tm-1) — Um _hu?n_l = D_u)  backward difference.

(1.31)

The second order derivative may be approximated by a combination
of first order derivatives, see Figure 1.3. For instance, a second order of
central difference may be obtained by combining a forward difference and a
backward difference.

Uz (tn7 xm)
2 (", $m+1)h— U (1", ) forward
w(t™, 1) —u(t”,xm)  u(t”,@m) —ut”,em—1)
s h backward
h (1.32)
w(t™, Tpy1) — 2u(t™, ) + w(t”, Tpm—1)
Uy — 2Upy + Upy g
h2
:D+D_U:)LT

Similarly, we may approximate the second order derivative by two for-
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tn—i—l
g
Tm—1 Tm Tm+1 Tm Tm+1  Tm+2

Figure 1.3: Central and one-sided difference for second order spatial
derivative.

ward differences.

Ugr (1", ) = Dy Dy,

u(t™ Tmp2)—u(t” , Tm11) ™ Tmg1)—u(t™ ,Tm)

= L ; L (1.33)
U = 2Up 41 + U,
h? ’

1.3 Basic Properties of a Finite Difference Scheme

For a difference scheme, we analyze how good it is by mainly three or four
properties, namely, accuracy and consistency, stability and convergence.

1.3.1 Accuracy and Consistency: Taylor Expansion

In a finite difference scheme, we approximate continuous derivatives by d-
ifferences. In turn, we may study the error of the differences by Taylor
expansion. For instance, u,, is approximated by (1.34) and (1.35). It may
be calculated that, if expanded at (¢, x.,),

w(t™, Tpy1) — 2u(t™, ) + w(t"™, Tm—1)
h2

L, " h? " h? n
:ﬁ[u(t ,Sﬂm) + hu:z:(t ,.’Em) + ?U:J:x(t ,:Em) + Euazmc(t al'm)
h4
+ ﬂumzzm(tn> xm) - 2u(tn> xm) + u(tn’ xm) - huw(tnv xm) (1'34)
h? h3 h*
+ ?ux:c(tny Im) - Fux:cx(tn> $m) + ﬂuxxxx(tnu xm) + O(h5)]
h2
:u;p;p(tn, xm) + Euwmcx(tna xm) + O(hS)
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In contrast, another difference form yields

w(t™, Tpmyo) — 2u(t”, Tpt1) + w(t"™, Tm)
2

1 4h?
:ﬁ[u(t”, Tm) + 2hug (1", ) + %um(t”, Tm,)

h3
4 S (17, 20) + O = 2(ult” ) + e (17, 2
h2 n h3 n 4 n
+ ?ux:c(t 7xm) + Fua:xaz(t 7xm) + O(h )) + u(t 71:m)]

U (1", L) + Mg (7, 1) + O(R?).

(1.35)

Nevertheless, both difference forms approximate the continuous deriva-
tive in the limit h — 0. A similar argument applies to the temporal deriva-
tive. Based on these expansions, consistency and order of accuracy are
defined as follows.

Definition 1.1 (Consistency). Given a partial differential equation Pu = f
and a finite difference scheme Py pv = f, we say that the finite difference
scheme is consistent with the partial differential equation, if for any smooth
function ¢(t,x), it holds that

ng)—Pk?hqb—)O as k‘,h—>0. (1.36)
Here the convergence is point-wise at each grid point.

Definition 1.2 (Truncation error, order of accuracy). A scheme P pv =
Pu = f, which is consistent with the partial differential equation Pu = f,
is accurate of order p in time, and of order q in space if Vo(t,x) smooth, it
holds that

Pene — Renf = O(KP, hY). (1.37)

The above term is called truncation error. We denote this scheme accurate
of order (p,q). If k = A(h) is a smooth function, we say that the scheme
Py v = Ry p f is accurate of order r if V(t, A) smooth, it holds that

Pene — Renf = O(R7). (1.38)

Consider the explicit one-sided difference scheme for the heat equation.

n+1 n n _ n n
Upy — — Uy _ bum—2 2um—l + U,

k h?

It is straightforward to find that the truncation error is

(1.39)

n+l _ ,n —2uyy, _q + ugy k
U, Uu u Um—1 T Um = ut+ﬁ+0(k’2)_buxx+bhuxacz+0(h2)‘

k h2 2
(1.40)
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Therefore, this scheme is accurate of the order (1,1). Moreover, actually
the numerical scheme approximates better the following equation, which is
called as the modified equation for the scheme 1.55.

k
up + % — bugy + bhug., = 0. (1.41)

1.3.2 Basic Property of a Scheme: To Solve a Partial
Differential Equation

Consistency and order of accuracy are local properties of a finite difference
scheme. Other basic properties include convergence and stability, which are
global properties.

Definition 1.3 (Convergence). A “one step” finite difference scheme ap-
proximating a partial differential equation is a convergent scheme, if for any
exact solution u(t,x) to the partial differential equation and numerical solu-
tion u” with the finite difference scheme, such that ul, converges to ug(z)
as mh — x, then

up, = u(t,z) as (nk,mh) — (t,z) and h,k— 0. (1.42)

Remark 1.1. The “convergence” will be precisely described later, usually
not point-wise.

Remark 1.2. Convergence is usually not a simple issue. We need to define
i a certain sense,

| w(nk,mh) —up, ||— 0. (1.43)

m |
m
This involves

1. Explicit solution of the partial differential equation
2. Ezxplicit solution of the FD scheme

To fix the first issue, we define an “Ls” norm for the grid function as
follows.

o
J ) lop= (b Y- (up)?)2. (1.44)
m=—o00

For the second issue, however, we do not have a way to treat at this
point.

There is another important property for a numerical scheme, that is
stability. This concern arises naturally in the following manner. Let a
numerical solution {1} obtained with initial data {uQ,}, and another nu-
merical solution {@?,} with initial data {@9,}. Under the condition that
| a8, — Y, | is small, do we have || u?, — 4, || small? If stability does not
hold for a numerical scheme, then the scheme is useless as a small pertur-
bation will cause totally different numerical solutions. We notice that there
are uncertainties in numerical computations, such as round-off error.
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E 2 an T

Figure 1.4: Schematic view of wave-number and gridpoint.

Definition 1.4 (Stability). A finite difference scheme Py, puy, = 0 for a first
order (in time) equation is stable if 3J € N and ho,ky > 0, VT > 0, 3Cp,
such that Yh < hg, k < kg, and t < T,

J
[u™ln < Cr >l |n. (1.45)
=0

Related to the stability for a numerical scheme, the stability for the
partial differential equation should hold in the first place.

Definition 1.5. A first order (in time) partial differential equation is well-
posed if VT > 0, 3Cr, such that for any solution u(t,xz), it holds thatVt < T,

[ u(t,-) [[< Cr || w(0,-) || - (1.46)
Example 1.1. The heat equation u; = buy, (b > 0) is well-posed.

In fact, we use the Fourier transform to deduce
|

= (0, -)e " |1> (1.47)
|

The well-posedness is evident.
Example 1.2. The inverse heat equation uy = —buy, (b > 0) is ill-posed.

In fact, we follow the previous computations for the heat equation to
obtain
2
H U(t,) H2:|| 'IAL(O, ‘)e+bw ! ”2 : (148)
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AA

ey

Wo

Figure 1.5: Dispersion relation for (1.50).

Then, VT > 0, VCp > 0 and V¢ > 0,there always exists an wy big enough,
such that eb“dt > 2C7, and hence for an initial data with w close to wg, and
then

[ u(t,) *> CF || a0, ) |1* . (1.49)

We make the following remarks.

o [f the partial differential equation is ill-posed, then numerical stability
is not possible in general.

e Ill-posed partial differential equation needs special function spaces to
work on. The scheme should be designed in a special way as well.

e A well-posed partial differential equation does not necessarily requires
negative dispersion relation for all frequencies.

e Numerically,the space grid should be fine enough to resolve those wave
numbers for which the evolution is not negligible, i.e., h < 7/wp. Con-
sider a solution u(t, ) ~ Y a(t,w)e* ™2, Accordingly, it holds that
| u(t,z) 2=, || ©(0,w)e ||2. If h > 7/wp, then || u’(t,x) ||? can
not resolve the temporal increasing term for w < 7/h, see Figure 1.4.

For instance, we consider the following advection-diffusion equation.

Example 1.3.
Uy = au + bug, a,b> 0. (1.50)

The dispersion relation gives A = a — bw?, as shown in Figure 1.5. For
w<wy= \/@, we may find that A > 0. In contrast, we find that A < 0 for
w > wp.

We motivate the stability analysis from the following specific scheme.
A three-point explicit scheme

uptt = aull,_y + Bull, + yup, 1, (1.51)
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is stable if and only if
laf + Bl + v < 1. (1.52)

Proof. (Sufficiency) We prove the stability condition by direct calculations.

> lumtt?
m
= Z Jougt, )+ Bup, + yul |

<Za )2+ B2 (up)? + 7 (up4r)?
+2‘04/3\|Um VU |+ 2|87 [ug g1 | + 2]ay||ug, gy,
<ZO¢ )? + B up)® + 7P (up 1)

+ raﬂr«u”m,nz + (up)?) + 1BV ((upm)? + (ultyi1)?)
+ o] ((ul 1) + (upy1)?)
=(0? + B2+ % + 20aB| +2|8v] + 2lay]) D (up,)?

m

(1.53)

=(laf + 18]+ W)* D (up)?

m

<(laf + 18] + 17> Y ().

m

We apply this condition to the explicit central-difference scheme

n+1 n n _
um - um Um 1 2’U + U‘m+1

’ =b 2 (1.54)
Let p = k/h?. This scheme may be recast into
urtt = bpul,_ + (1 — 2bp)ull, + buul, ;. (1.55)
The stability reads
laf 4+ B8]+ [7] = 2bp 4 [1 — 2bul. (1.56)

If 1 —2bu >0, i.e., k < h?/2b, then |a| + |8| + |y| = 1, and the scheme is
stable. It is important to note that the time step size is on the order of the
space grid size squared.
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1.4 Von Neumann Analysis

A systematic way to study numerical stability is the von Neumann analysis.
The basic tool that facilitates the von Neumann analysis is the discrete
Fourier transform.

Fup} =a"(&) = \/12? Zm:e—lmhf ulh, €¢ [_E E] (1.57)

The inverse discrete Fourier transform is

ul, = FHam(€)} \/%/w eMmhEgm (€)de. (1.58)

It is evident that the discrete Fourier transform may be regarded as a special
case of the Fourier transform, for which the wave number is restricted to
[—7/h,7/h].

The Parseval’s relation now reads

>3

| a" = / jan(©)[2de =] u" |1 - (1.59)

=3

We consider the explicit central difference scheme (1.55). Applying the
discrete Fourier transform to both sides, we obtain

zmh£ ~n+41
\/% L (7 eminigyag

=la :*\=\

zmh{ "
=7 / — 2bp)a" (€) (1.60)

+ bu( e €)1 I g

- / L= )+ (e M (€

As the Fourier modes are linearly independent, we have for any & € [—7/h, 7/h]
that

A" (&) = [(1 = 2bp) + bu(e” ™ + M 4)]am(€). (1.61)

This naturally identifies an important notion in the numerical stability anal-
ysis.

Definition 1.6 (Amplification factor). For a Fourier mode u?', = U"e™h%
the ratio between the amplitude at t"T' and that at t™ from a numerical
scheme defines an amplification factor g(6,k,h) with 6 = h&.
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For instance, the amplification factor for the explicit central difference
scheme is

g(h&) = (1 — 2bu) + bu(e™ ™M 4 ). (1.62)

The meaning for the amplification factor is straightforward. If initial
data consists of a single mode, numerically it evolves according to @(nk) =

(9(0,h, k)"0 (0).
There is a very useful theorem, which allows stability analysis through
the amplification factor.

Theorem 1.1. A one-step finite difference scheme is stable if and only if
3K, independent of 0,k,h, and ho,ky > 0, such that |g(0,k,h)] < 1+ Kk
for any 6,0 < k < ko,0 < h < hg. If further g(0,k,h) is independent of
h,k, then the stability condition is |g(6)] < 1.

Before prove this theorem, we first present the following corollary.

Corollary 1.1. If a finite scheme is modified in a certain manner such that
only an O(k) modification uniformly in & is introduced, then the modified
scheme is stable provided that the original one is so.

Proof. Let the amplification factor for the new scheme is ¢ = ¢ + O(k). If
lg| <14 Kk, then |¢'| = |g+Ok)| <1+ Kk+Vk=1+Kk.
We remark that ¢’ = g + O(k) is sufficient and necessary. O

Next, we prove the theorem.

Proof. (1) (Sufficiency). For the n-th time step, we know that nk <T. We
estimate

™

la 1= [ loto. v mPriaR(©)Pag

“h
<1+ KE)™ || u® |2 (1.63)
< (1+ KR | W02
ek RTAN [

IN

Therefore, the scheme is stable.

(2) (Necessity) The necessity is shown by contradiction.

Assume that for VC' > 0, hg > 0, kg > 0, 36* € [0,7], and Fh €
(0, ho], 3k € (0, ko] such that |g(6*, k,h)| > 1+ 2Ck. Due to the continuity
of g(&, h, k), there exists an interval [0, 0s], such that VO € [0;, 0], it holds
that |g(0,k,h)| > 1+ Ck.

We construct an initial data with its Fourier transform as follows.

if 0¢[01,09],

) 0
o(8) = { (B — 00T if 6 € (6,0, (1.64)
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Figure 1.6: The amplification factor for the explicit central difference scheme
in two different cases: by < 0.5 (solid) and by > 0.5 (dashed).

It is easy to find that
I = 1. (1.65)

On the other hand, we compute the norm at ¢™.

b df (1.66)
=/ gl
01 — 01

In particular, at the time step very close to the terminal time 7', we have

1
e2TC I u° ||Z . (1.67)

n (|2
>
w32 5

This proves the instability. O

This theorem justifies the von Neumann analysis, namely, one finds the
amplification factor and check whether the stability condition above holds
or not.

For instance, we apply the von Neumann analysis to the explicit central
difference. In fact, from (1.62), we have (see Figure 1.6)

g = (1 —2bu) + 2bpu cos . (1.68)
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The stability condition may be found from

1 h?
gl <lep<lens ek (1.69)
We observe that this is consistent with our previous result.
Next, we apply the von Neumann analysis to an implicit central differ-
ence scheme.
up — gyt = 2upt
k N h?
In fact, the computation of amplification factor is simply to make a
correspondence ¢ with a time forward stepping, and a correspondence e?

with u,1;. For the implicit central-difference scheme, we have

(1.70)

g— 1 geiG _ 29 4 gefw
= b 2 (1.71)
or, A ‘
—(1+2bp)g + bug(e®? + e~y = —1. (1.72)
Therefore, the amplification factor is
1
(1.73)

9= (1 + 2bu) — 2bpcos§’

We conclude that this implicit scheme is unconditionally stable, as 0 <
g < 1,Vu. This property allows large time step size, which is very useful for
many applications.

In the following, we introduce several other schemes and make von
Neumann analysis.

First, the Crank-Nicolson scheme uses the average of u,, at t" and t" 1.

Wbt bl —2ul Al it = 2un it -
P2 h2 h2 ) (1T

Note that here the first term on the righthand side is explicit, and
the second one implicit. Moreover, if we perform Taylor expansion at
(xm,t"H/ 2), it is easy to show that the scheme has a second order accu-
racy in both space and time.

We may rewrite the scheme in a vector form. Let u™ = (---,uj,--- )
be the vector at time t"”. The Crank-Nicolson scheme is
n+1 n blu’ n n+1
u" =" = ?(Au + Au"T). (1.75)

Here A = tridiag(1, —2,1). Therefore, the scheme gives

b b
(I- ?MA)u"H =+ ?’UJA)u”. (1.76)
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or,

"t = (1 - %MA)_l(I + %“A)u”. (1.77)

Actually, some previous discussed schemes may be rewritten in a vector
form. For instance, the explicit central-difference scheme is

u™ = (I + buA)u™. (1.78)
The implicit scheme is
u" = (I — bpA)~tu™. (1.79)

Comparing these two schemes and the Crank-Nicolson scheme, we observe
that all are an approximation (time integration) for the semi-discrete system

3}
= . 1.
pr bAu (1.80)

The exact solution to the semi-discrete system is

(bAt)?
2

u(t) = e*u(0) = (1 + bAt + + - )u(0). (1.81)
Besides the Crank-Nicolson scheme, another naturally devised scheme
with second order accuracy in both space and time is the leapfrog scheme.

n+1 n—1 n _ n n
Um  — Unp _ bvarl 2vm + Um—1

2k h?

(1.82)

We formally follow the von Neumann analysis and compute the amplification
factor as follows. . 4 4
9=y e — 94 0

=b . 1.83
2k h? (1.83)
That is,
! by sin? o (1.84)
— — = —8busin® —. .
g g I 9
The amplification factor g solves
0
g° + 8by sin? Q- 1= 0. (1.85)
The too roots satisfy
.90
9192 = —1, g1+ go = —8busin 3 (1.86)

Therefore, we have either |g1| > 1 or |g2|] > 1. The leapfrog scheme is
therefore unstable.
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To rectify the stability and maintain the accuracy for the leapfrog
scheme, a Dufort-Frankel scheme was proposed.

n+1 n—1 n _ (ynt+1 n—1 n
vm - vm _ bvm+1 (Um + Um ) =+ vm 1

—. 1.
2k h? (1.87)
In a similar way, we compute the amplification factor from
g—3 b 1
g 10 —10
= — — - . 1.
S = (@ =+ ) e ) (1.59)
This leads to
(1 + 2bp)g? — 4bpcosBg — (1 — 2bp) = 0. (1.89)
The roots are
isz,ucosHi\/l—%Q,u?sinQG, (1.90)
1+ 2bp
if 1 — 4b?p2sin? @ > 0. In this case, we find that
2bp| cos O] + /1 — 4b2p2sin? 0 2bu + 1
g2 < 2l cost] v & <R (1.91)
14 2bu 14 2bp
The scheme is stable.
On the other hand, if 1 — 4b%u?sin? 6 < 0, we find that
2bpcos 0)? — 1 + 4b? 12 sin’ 0 46%p% — 1
jgu? < Boueosb) — 1+ AbyTein f by <1 (1.92)
(14 2bp) 4b“p* + 4bp + 1

Therefore, the Dufort-Frankel scheme is unconditionally stable and possess
a second order of accuracy.

1.5 Lax-Richtmyer Equivalence Theorem

As mentioned before, numerical convergence is an important property for
a scheme. Because it is a global property, to prove convergence is not an
easy task. On the other hand, the von Neumann analysis renders a handy
tool for us to analyze the stability, which is another global property for
a scheme. The Lax-Richtmyer theorem bridges these two properties, and
therefore pave the way toward the convergence analysis. The main theorem
is as follows.

Theorem 1.2. For a consistent one step linear scheme for Cauchy problem
of a well-posed linear partial differential equation, stability is the necessary
and sufficient condition to convergence.
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a)p

Figure 1.7: The truncation operator is a low-pass filter.

To facilitate the proof, we need to be more precise in interpreting nu-
merical solutions. While the solution to partial differential equation lies in
L?(R), the numerical solution lies in I? (also denoted as L?(hZ). We relate
them to the same function space by a truncation operator and an interpola-
tion operator.

The truncation operator T' : L?(R) — [? maps a continuous function
u(z) to a grid function as follows. Suppose that the Fourier transform of
u(zx) is u(§), then grid function Tu takes m-th grid value as

Tun = o= | " amiiggyag (1.93)

Uy, = —F— e . .
21 J—n/n

In fact, they are related by

Tu() =a(¢), ¢ <x/h. (1.94)

We remark that T'u,, # u(x,,) in general. Furthermore, the truncation
operator may be regarded as a low-pass filter in terms of signal processing,
as shown in Figure 1.7.

Next, we define the interpolation operator S : [ — L?(R), which maps
a grid function v to a continuous function Sv(x) as follows.

Suppose that the discrete Fourier transform of v is v(§), then we define

Sv by
1 w/h

V2 S

In other words, the spectra are related by (see Figure 1.8)

55(6) :{ 8(5), &| < w/h, (1.96)

Swv(x) e (€)dE. (1.95)

gl >w/h.
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Figure 1.8: Interpolation operator.

With these operators, we have clearer definitions for some properties
of a numerical scheme. In particular, a scheme is convergent for Cauchy
problem of a partial differential equation if Vh, k — 0, Vu solution to partial
differential equation, and Vv numerical solution with initial data Sv® —
u(-,0) in L2, it holds that Sv™ — (-, ") in L? for t" = nk.

As we already know, a linear partial differential equation has a unique
dispersion relation ¢(€), i.e. its solution is %(€, ) = @(€,0)e?©!. Meanwhile,
a scheme has a unique amplification factor g(h¢,h, k), i.e. numerical so-
lution is 4"*1(¢) = ga™(€). Therefore, a scheme is consistent to a partial
differential equation if for || < m/h, it holds that

ekQ(g) —g _

- o(1), in (h,k). (1.97)

A scheme is stable if VT > 0, there exists Cr > 0, such that V0 < n <
T/, it holds |¢g"| < Cr. As we have proved in the von Neumann analysis,
the stability is equivalent to the existence of a K such that |g| <1+ Kk.

Proof. We first prove that stability implies convergence. We first assume
that the numerical initial data is taken as precisely v° = Tu(z,0). By this
choice, we have

lu(-,0) = Sv°I* = Jlu(-,0) — STu(-,0)[|* = / [a0(§)Pde. (1.98)
[&|>m /R

Because u(-,0) € L?, this term approaches to zero as h — 0.
The Fourier transforms of the exact solution and numerical solution are
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expressed explicitly. So we have, at time t = t"
lu(-, ") — Sv™|?
+o00
= / Ju(x, t") — Sv"(x)|*dx

2% -
= / (g, £7) = Svr(€)Pdg (1.99)
= n
- / €7 — g2l (€)[2de + / " 2o (€) [2de.
—7/h |&]|>m/h
Now we define a function
e — g Plao(€)[?, €] < w/h,
(€)= { " 2o ()2, [é] > /b, (1.100)

Due to the well-posedness of the partial differential equation and the stability
of the numerical scheme, we know that both |e?*" —g¢"| and |e?"| are bounded
for any t" < T (T is a given terminate time). In addition, we have u(-,0) €
L?, therefore it holds that ®, € L!.

For each fixed &, it is observed that

O(6) = ™" — g"[Plag(¢)[*, ash — 0. (1.101)

Moreover, from the bounds of g and ¢, as well as the consistency, we may
derive

e = g"|
n—1
— etk _ (n—j—1)qk ,j
e g';)e g (1.102)
k 2
e — g[nC7:

<
< nC%ko(1).

Due to nk < T, the above term is on the order of o(1).
Noticing that ®, (&) < (2C7)?|10(€)|?, by the Lebesgue dominated con-
vergence theorem, we have

+oo +oo o
N / (&, 1) — Son(€)[2de = 0. (1.103)

h—0 J_

Up to this point, the convergence is proved for the case v° = Tu(-,0).
For general numerical initial data v° # Twu(-,0), we compare an corre-
sponding solution v™ with the numerical solution w™ that takes initial data
w® = Tu(-,0). By the triangular inequality, we derive that

lu(-,t") — Sv"|| < JJu(-,t") — Sw"| + ||Sw™ — Sv"|. (1.104)
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Sv—1 Sv Su 5;

Figure 1.9: Construction of initial data in spectral space.

The first term converges to 0, and the second term converges as well. To
see this, we derive
| Sw™ — Sv™|

= IS —v")]|
[w™ — v™[| 2
Crllw® — 092 (1.105)
Cr||Tu(-,0) — v°];2
Crllu(-,0) — S°
— 0.

IA A

Now we turn to the second part of the theorem, namely, to prove that
instability implies divergence. By instability, we know that for any M € IV,
there exist &pr, har, kps, such that

|g(hM§M,hM,kM)] > 14 Mky,, with |hM§M| <. (1.106)

Since g is continuous, there exists a neighborhood of {3y with radius nyr > 0,
denoted as I, such that

M
]g(th, hM,kM)‘ >1+ ?k]\/[, for{ e ly. (1.107)

In particular, we may choose nyy < M2 hyr < hy—1,ky < kyr—1.We
claim, yet without proof, that it is possible to choose these intervals Ip;
disjoint.

We define apyy = 1/(\/narM), and take initial data u(z,0) = >, war (),
see Figure 1.9. Here wjs has the spectral representation

. _J am, §€ln,
w(€) = { 0, elsewhere. (1.108)
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We check that u(-,0) € L? by

a5 0)]2 = a0 = mem%azpwm_zzpf<+m

(1.109)

At a given time T, by stability of the partial differential equation, we know

that |e?| < Cp,Vt < T. Take M > 8(Cr — 1)/T, and take time step

Let numerical solution to be v™ at time t". From instability, we know
that for V€ € Iy,

lg(he)" — etk 2 g(hO)[" ~ Cr
MT2 MT ( )
> -
_ ot
8

Therefore we estimate the difference between the numerical solution and the
exact solution as follows.

150" = u(-,t7)]2 > ﬂrmmw—&@wﬁmaw%f

/ 2
= f () s
Iy \ 8 (1.111)
M?2T? 9
= 2 64 QM
T2
> .
- 32
This does not converge to zero. Therefore convergence does not hold if
stability does not hold. O

We remark that though we only prove that v" does not converge to the
exact solution, actually the numerical solution |[v"[|;2 — +oo0.

We also remark that by the Duhamel’s principle, it may be shown that
the same theorem holds for general inhomogeneous linear partial differential
equation.

1.6 Some Further Discussions

1.6.1 Boundary Condition: A Brief Discussion

Consider the heat equation

up = bugy, € [a,f]. (1.112)
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Figure 1.10: The Dirichlet boundary condition.
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Figure 1.11: The Neumann boundary condition.

For the Dirichlet boundary condition,

1) = ualt),
u(e,t) = ua(t) (1.113)
u(ﬁa t) = uﬁ(t)a
We notice that the explicit central difference scheme
Un ™t = (1 = 2bp)ugy, + b (g y + upy ), (1.114)

uses a three-point stencil. The numerical scheme forms a close system under
the assignment for the boundary grid points with (see Figure 1.10)

{ U5 = uall”), (1.115)

upy = ug(t").

On the other hand, a Neumann boundary condition uz(a,t) = 0 (and
similar for the boundary condition at 2 = ) requires more detailed analysis.
One way to treat the Neumann boundary condition is to take

U1 — Uo
h

= 0. (1.116)
This leads to ug = u1, and hence the evolution is governed by
u T = (1 = bp)ul + bpul = uf + bu(ul —ul). (1.117)

The local truncation error is on the order of O(h), if we compare the nu-
merical boundary condition with the exact one at x = «.

In general, the overall accuracy depends on both the inner scheme and
the numerical boundary condition. Therefore, it is important to improve
the accuracy at the boundary.

One way to improve the accuracy at the boundary is to introduce a
ghost point x_1; = a— h, as shown in Figure 1.11. Similar treatment applies
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to the other boundary zy = 8. Noticing that “ 5=t = u, + O(h?), we have
u_1 = w1 which leads to

uptt = (1 — 2bp)uf + 2bpu? = uff + 2bp(uf — uf)). (1.118)

An alternative is to design a one-sided second order boundary condition.
To this end, we make Taylor expansions to the second order as follows.

ui = g + ugh + %h2+0(h3), (1.119)
s = g + 2ugh + %(%)2 +O(h®). (1.120)
(1.121)
This means Sy — 3ug — s ,
Up =~ + O(h*) (1.122)
Therefore, we obtain a second order accurate boundary condition
up = w. (1.123)

This leads to a formula for u; as follows.

un —ul
Wi = (1= 2bput + bu(— 5 + up)
2b 2b
= (1= =Pyt + S (1.124)
2b
= uf + = (u — uf)

We remark that the construction of one-sided boundary condition is
not unique, as more grid points may be included in the expansion.

1.6.2 An Alternative Way of Thinking: Approximate
Integral Method

We now discuss an algorithm, which takes quite different way of thinking.
We still consider the diffusion equation

up = bugy. (1.125)

For the heat equation, the exact solution is

u(t+k,z)=

+o0o
\/H/ e~ @=v)? /40Ky (4 4ydy. (1.126)

Consider a simple reconstruction of the numerical data as shown in

Figure 1.12
h
u(t", x) = up, for|lr —mh| < 5 (1.127)
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u(t", ) A

o

Figure 1.12: Reconstruction of the numerical data.
We obtain the exact solution at ¢"+!
n+1 1 n xl+% (mh—y)? /4bk
U = —u e VT dy. 1.128
2 =T Vi l/ (1128)
Denoting the coefficients

1 G+z)h 1 j+1 j—1
K; = / e/ qe = = [ erf 2| —ef 2 )
VA4mbk (-3 2 24/bu 2v/bu
(1.129)

we obtain
ul™ =" K = Kjup, ;. (1.130)
l J

Theoretically speaking, this algorithm takes numerical error only from
the reconstruction and the average. However, in real applications, the nu-
merical convolution K *x u™ is very expensive, and a truncated convolution
is usually performed. That is, we use

p
up™ =" Kjup, ;. (1.131)
Jj==p

To make K, negligible, we notice that

h d p h s
K, ~ ——erf = e P /by 1.132
P9 de (2@) VArbk ( )

Therefore, we choose p > Cp, /1 for a certain constant Cpy. We call this
method the approximate integral method.
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1.6.3 Convection-Diffusion Equation

A linear advection-diffusion equation reads
U + auy = bugy. (1.133)

A natural choice is an explicit central-difference scheme.

uptt — Uppp1 — Upy_q Upp1 — 2Upy, + Uy,
=b . 1.134
T h2 (1.134)
or, we have
uptt = (1 — 2bp)ul’, + bu(1 — a)uly g + bu(l — a)ul, ;. (1.135)
Here we define a = %. It is a cell Reynolds number as h,a and b are the

grid length, the advection velocity and the viscosity, respectively.
From previous study, we know that this scheme is stable if an only if

11— 26| + [bu(1 — @) + |bp(1 + )| < 1. (1.136)

This is equivalent to 2by < 1 and 1 —«a > 0, ie., pu < zib and h < %b.
The first requirement is standard for parabolic equations. The second one
confines the spatial grid size to be small enough.

A consideration comes from the study of the pure advection equation

u +aug, =0, a>0. (1.137)
As shall be explained later in the next chapter, it is recommended to use an
upwind scheme, namely, to obtain «’! in terms of u?,_;,u™.
uy —unr
Uy ~ me—l (1.138)

Therefore, we take an upwind scheme for the advection-diffusion equation
as follows.

n+1 n n __ ,n n _ n n
Uy =~ — U U, Upy—1 _ bum+1 2um + Upy—1

m 1.1
? +a . % (1.139)
It may be rewritten as
urtt = (1 — 2bp(1 + a))ull, + bpaly q + bu(1 + 2a)ul,_;. (1.140)
Therefore, the stability condition is
|1 —2bu(l + )| +bp + bu(l+2a) <1 (1.141)

This is equivalent to
2bu(l+ ) <1, (1.142)
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Figure 1.13: Wave profile for the Burgers’ equation.

or, with the definition A\ = k/h,
aX +2bp < 1. (1.143)

We remark that a\ < 1 is the CFL (Courant-Friedrichs-Lewy) stability
condition for u; + au, = 0. We shall discuss this in the next chapter. In the
mean time, 2by < 1 is the stability condition for the diffusion equation.

We may use the schemes discussed before to treat nonlinear convection-
diffusion equations. For instance, we consider the Burgers’ equation

(Uz)m

ug + 5

= bugy. (1.144)

An exact solution to this equation is (see Figure 1.13)

C

o (@ = at)). (1.145)

u(t,x) = a — ctanh|
Let a > ¢ > 0. An explicit upwind scheme reads

ultt —a (up)? = (up ) _ b“%ﬂ — 2Up, + Uy,

k 2h h?

(1.146)

It is obvious that the von Neumann analysis does not work anymore due
to the nonlinearity. Even stability holds, the Lax-Richtmeyer equivalence
theorem does not apply and the convergence is under question. Nevertheless,
we expect that stability holds if

(a+c)A+2bp < 1. (1.147)
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1.6.4 Von Neumann Analysis for More General Situation

We shall briefly discuss stability for two more cases. First, for a multi-step
scheme, the von Neumann stability analysis leads to a polynomial for the
amplification factor. For instance, for the leap-frog scheme

unm+1 - u?’til — bu7T?1+1 - 2u7TLrL + u;lnfl (1 148)
2k h? ’ )
we may formally substitute “E;le with g7e? to obtain
1 . .
9= e — 94 0
=0 . 1.149
2k h? ( )
Therefore, the amplification factor is a root to
0
g° + 8byusin® Z0-1=0. (1.150)

We observe that ¢ is not a polynomial of 6.
In general, g is a root to the polynomial ¢(g,0) = 0. Let the v-th
branch of root be g, (6). The stability condition reads as follows.

Theorem 1.3. Stability holds if all the roots g,(0) to ¢(g,0) satisfy the
following conditions. First, K, s.t. Vv, |g,(0)| < 1+ Kk. Second, 3cy, c; >
0, such that for all co < |g,(0)] < 1+ Kk, |g,(0)| is a simple root; and for
any other root g,(0), it holds that |g,,(8) — g, (0)| > c1 for h,k sufficiently
small.

Next, we consider the stability for a system of partial differential equa-
tions. We consider
u, = Bu,,. (1.151)

The numerical stability is again based on the well-posedness of the partial
differential equations. To check the well-posedness, we perform a dispersion
relation analysis with the form of solution

u = UeMtir, (1.152)
Substituting this into (1.151), we obtain

AU = —Bw?U. (1.153)
Therefore, the growing rate is an eigenvalue to the linear system

M+ w?B =0. (1.154)

To make ReX < 0, we require B to be positive-definite. In particular, a
special case is B = diag(by,--- ,b,) with b; > 0.
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For a positive-definite matrix B, we consider the solution in the form

of
up, = Une™?, (1.155)

m

Then a numerical scheme leads to an amplification factor defined by

Ut =Gun, (1.156)
where G is a matrix. Numerical solution

Uu" =anul. (1.157)

Obviously, stability holds if || G™ ||[< Cr. It is therefore necessary that
p(G) <1+ Kk. Yet it is not enough to maintain stability in general.

If the G matrix has two distinct eigenvalues, then it may diagonalized
and the condition p(G) < 1 guarantees the stability. However, if a double
eigenvalue is the case, then we notice that

a B 1" | a” na™ 13
o o] oo s, w158
For example, a first order scheme for the system
1 2
Up = Uz
1.159
{ug . (1.159)

may be taken as follows (assume k = h)

u = = (= 20 ), 1.160
2n+1 _ , 2n ( . )
uy' T =uy
The amplification factor matrix is
1 4sin?$
= 2. 1.161
G (O : ) (1.161)

The spectral radius is p(G) = 1. However, instability occurs as we have

.20
G — <(1) 4“;“ 2). (1.162)

For another example, we consider a two-variable system.

{vt = bllvm + leU}xIv (1 163)

Wi = ba1Ugy + bWy
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Consider an explicit central difference scheme

ot —op b U1 — 2Up, + Uy g b Wyy_q — 2wy, + Wy, 1
7{« = b1 52 12 52 )
wtt —wl, 4 U1 — 205 + Ui b Wiy — 2Wy, + Wiy 1 q
- n 21 52 22 2 -
(1.164)
Substituting the form of the amplification factor expression
vt g1 912 v
|: wn—l—l :| - |: g1 g9 wn s (1165)
we find that
(g11 — 1)v™ + grow™ = byyp(—4sin? g)v" + biou(—4 sin? g)w”, (1.166)
9210" + (g22 — 1)w™ = bay pu(—4 sin? g)v” + boop(—4 sin? g)w”
Therefore, the amplification factor matrix is
1— 4b11,u sin2 g —4b12,u Sin2 9 ) 0 b11 b12
G = 2 2 =1—-4 — .
[ —4bgy p1 sin? g 1 — 4bgo i sin? g pst 2| bar bog
(1.167)

1.7 Multi-dimensional Diffusion Equation

In the previous sections, we studied schemes in one-space dimensions. Now
we consider the heat equation in two space dimensions.

Ut = bllugm + 2()12uxy + bzguyy. (1.168)

Here b11,b12 > 0, and b%Q < by1bey. After a change of coordinates, the B
matrix may be diagonalized. The equation then becomes

U = 5111@'5 + gggltg’g. (1.169)

Here 511,512 > (0. In the following, we omit the tildes and still denote the
equation as
Ut = b11Ugz + D22ty (1.170)

1.7.1 Time Splitting

In a square uniform grid with mesh size h;, hy in the two dimensions, re-
spectively, the simplest explicit scheme reads as follows.

n n n n n n
- W _1m — 2ul,m + Ui i1m U m—1— 2ul,m + Ul m+1

= b
11 h% + 029 hi

n+1 n
YWm — Um

k

(1.171)
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Here uj’,, ~ u(xy, Ym,t"™). The scheme may be slightly modified as follows.
First, we consider the equation and scheme

=b TT
= on (1.172)
u* = Py(k)u™,

where P, denotes an advancing for one time-step k. Next, we consider the
equation and scheme

ue = bazttyy, (1.173)
"t = P, (k)u*,

where P, denotes an advancing for one time-step k.
If we take explicit centered difference schemes in both dimensions, then
the resulted scheme is as follows.

u?;;l =(1- 2bﬂy>ul*,m + b:uy(u?,mfl + Uz*,m+1)~
Here p, = h%, Hy = h% It may also be formally written as
z y
u"t = P, (k) Py (k)u. (1.175)

However, it is evident that this scheme differs from u" ! = P, (k) P, (k)u,
and both time-splitting methods introduce error on the first order O(k). In
the explicit scheme, the error is first order in time even for one space di-
mension. Therefore, this time splitting is reasonably satisfactory. However,
if a second order scheme is used, e.g., the Crank-Nicolson scheme or the
DuFort-Frankel scheme, then the above splitting is not compatible and re-
duces the accuracy order for the overall scheme. To solve this problem,
a Strang-splitting technique is used, which yields a second order accuracy.
More precisely, if we have second order schemes in time

Up+1 = Px(k)(un, Un—l), (1176)
for one-step update in the xz-dimension, and
Un+1 = Py(k)(unv Un,]_), (1177)

for one-step update in the y-dimension, then we may take

u"t = Pz(g)Py(k)Pm(g)(un, Up_1). (1.178)
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1.7.2 ADI Method on a Square

Consider the Crank-Nicolson scheme in two space dimensions

+1 +1 +1 +1
u?m - u?,m 1 U?Jrl,m - 2ulrfm + u?fl,m + lb u?+1,m - 2u?m + uanrl,m
k 2 1 h2 22 h2
+1 +1 +1
+ lb uZm+1 - 2u?m + “Zm—1 T lb U'Zm—&—l - 2ulem + uZm—l
5022 h%/ 5021 h%
(1.179)
Let uy, = (U - UL ,u%m) be the value at y = mh,t = nk, and
u = (ug, Uy, ,u"M)T be the grid function at ¢t = nk. The Crank-

Nicolson scheme may be rewritten as

n+l _ u™ 1 1 1 1 9
= = AT ) 4 (A Apu™) + O(R). (1.180)

It is readily shown to be second order in both space and time, when the
Taylor expansion is performed at t = (n+ %)k, x = lhy,y = mhy. Here Ay is
a tridiagonal matrix, and A, is a blocked tri-diagonal matrix. The inversion
of the Crank-Nicolson scheme is involved.

First, we rewrite the scheme as

1=

k k k k
Next, we purposely insert two terms on both hand sides.
k k k2 k k k2
(I—=A;— ~Ag+ — A1 Ap)u™ ™ = (T4 = Ay + ~Ag + — A1 Ao)u" + O(k?).
2 2 4 2 2 4
(1.182)
We decompose both sides to derive
k k n+1 k k n 3
(I — §A1)(I — §A2)u =+ §A1)(I — §A2)u +O(k”).  (1.183)
This means
k k k k
"t = (I - 5142)—1(1 - 5141)—1(1 + 5 AN + S A" (1.184)
We notice that (I — £A4;)~! and (I + 54;) commutes. That is,
k k k k
Un+1 = (I - 5142)_1([ + 5141)([ - 5141)_1([ + §A2)Un. (1185)
This leads to the Peaceman-Rachford algorithm.
I — EA n+l/2 _ I EA n
( 2 1)u ( T2 2)u”, (1.186)
(I _ §A2)un+1 — (I + §A1)un+1/2'

We remark that each equation in this algorithm involve only the inver-
sion of the tri-diagonal matrix. The computing load is greatly reduced. The
whole method is called an ADI (Alternately directional implicit) method.
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Remark 1.3. We notice that u™ /2 may be not a good approzimation to u
att = (n+ 1)k in general.

An important issue is the numerical boundary condition. In fact, the
partial differential equation takes boundary conditions, which automatically
impose conditions for ™ and u"*! at the boundary. However, the boundary
condition for u™1/2 is not obvious.

Adding the two equations in (1.186)), we easily obtain 2u™+/? = (I —
gAl)u"“ +(I+ gAg)u". With this, we determine the boundary condition
for u"t1/2,

Finally, we make a stability analysis for the ADI algorithm. To this

end, we first assume the form of solution as
up,, = Ureltotmo), (1.187)

For the first step in the Peaceman-Rachford algorithm we assume an ampli-
fication factor g with which

u”:;l/z — nt1/2,i(16+me)

b R (1.188)
= gUnez( +mq$)‘
For the second step, we have an amplification factor g with which
u?r—;l _ Un+lei(19+m¢)
= gUn+1/2ei(l0+mq5) (1.189)
_ ggUnei(le—&-md))‘
As we use the central difference in space, it is easy to obtain that
(1 + 4by g sin? 8)g = 1 — dbopup sin® &, (1.190)
(1 + 4bg g sin? %)g =1 — 4by p1q sin® g
Hence, we obtain the amplification factor
1 — 4bypuy sin® ) (1 — 4bopg sin® &
gg = L dbipsin” 5)(1 = dbypupsin 5) (1.191)

(1 + 4bypg sin? §)(1 + 4byps sin? %) .
It is obvious that |gg| < 1. Therefore, the ADI algorithm is uncondi-
tionally stable.
Assignments
1. Show that the Cole-Hopf transform

u=—2b%2, (1.192)
o
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transforms the Burgers’ equation
Ut + Ulpy = Dugy. (1.193)
into a heat equation
0t = by (1.194)
100 iw(z—y) g—bwt g, — L o—(z—y)?/dbt
2. Prove that ﬁf_oo e e dw = T5e )
3. Find the order of accuracy for the scheme
Up =gt — 2, U
2k h? '
4. For the explicit central difference scheme
uptt — _ Upy—1 — 2Upy, + Upy g
k h? ’
it is easy to find that the modified equation is
k h?
ug + §utt - b(ux:r: + ﬁuxx:c:r;) =0.
Noticing that uy = b*ugzpes, the accuracy may be improved if we take
2
k= o Verify this by numerical computations.
5. Find a sufficient condition for an implicit scheme to be stable.
+1 +1 +1
UZ{H —ul _ bu’fn_l — 2uprt + uan‘ (1.195)
k h?

6. Perform the von Neumann analysis to determine stability for the Crank-
Nicolson scheme.

7. For a multi-step scheme, e.g., the leap-frog scheme, we perform the
von Neumann analysis with equation (1.84), and solve it to get the
amplification factor g+. The question is: what do we mean by g4 and
g— in this application? (Hint: Find the eigen-function corresponding
to g+ and g_ respectively.)

8. For

1, zel[-1,1],

Up = Uag, o () = { 0, elsewhere (1.196)

compute with the explicit central-difference scheme under the following
boundary conditions, respectively.
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e Dirichlet boundary condition

uo(t, —A) = u(t, A) = 0. (1.197)
e Neumann boundary condition

ug(t, —A) = uy(t, A) = 0. (1.198)

There are two different ways to discretize this boundary condi-
tion, namely, either

UN(t) = UN_l(t),
{ un () = u_noa (8), (1.199)

: un+1(t) = un-1(t),
{ un+1(t) = Uf(N71)(t). (1.200)

e Play with different choices of (h, k), e.g., k, = % and h,, = hy/2".

e Error analysis (numerical convergence rate). Let the solution
with the finest grid Ay be Uezqct. Calculate error in the numerical
solution u(™ by a coarser gird h,, as follows.

En =) ho(ull) — tegact(zm))?]"/2. (1.201)

Plot lg(E,,) versus lg(h,), and find the slope. This slope is called
the numerical convergence rate.

9. Compute

Ut = Ugz,
. (1.202)
u(z,0)= e 7.

with the approximate integral method for p =1, 2.

10. Perform numerical tests to check the numerical stability for the explicit
upwind scheme (1.146) for the Burgers’ equation. Take initial data
from the exact solution (1.145). Assign a proper boundary condition,
e.g., u = 0. Check that the scheme is stable if the stability condition
(1.147) holds; and otherwise (longer time step size) it is unstable.
(Notice that this is a nonlinear problem, our stability condition may
not be as straightforward as for the linear problems. Moreover, here
the stability only means that around the given exact solution (1.146).)

11. Show that the inhomogeneous equation

uy = Aju+ Asgu+ f(z,y,1)
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12.

can be approximated to second order accuracy by
k
)
( 2
k k - k
(I o §A2h)un+1 _ (I+ 5Alh)un-i-l/Q + §fn+1/2’

A = (14 & agyun 4 sz

where f”H/2 is the vector formed by f(xy, ym, mt1/2,

Realize the ADI algorithm in a square.
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Chapter 2

Finite Volume Method for
Hyperbolic Equations

Hyperbolic differential equations are of great importance in sciences and
engineering, particularly when wave phenomena are under consideration.
Roughly speaking, most practical physical systems are diffusive hence of
parabolic type essentially. Their steady states, typically describing the
asymptotic behaviors, are of elliptic type. The wave phenomena, under
a proper scaling, are often better described by neglecting the diffusions and
the systems become hyperbolic.

2.1 Recap of Hyperbolic Partial Differential
Equations

2.1.1 Linear Wave Equation

The most well-known hyperbolic partial differential equation is the linear
wave equation, which describes free wave propagation in a homogeneous
medium.
Ut — gy = 0. (2.1)
By the d’Alembert principle, the solution may be expressed in terms of
a left-going wave and a right-going wave.

u(z,t) = ¢(x + ct) + Y(x — ct), (2.2)

where the form of ¢ and v are determined by initial data of the Cauchy
Problem. For an initial-boundary-value problem, boundary conditions need
to be incorporated properly. For details, please refer to the appendix of this
chapter.

In general, a boundary condition is posed only along a line with inward
characteristic. For instance, for a linear advection equation

ut + cugy =0, (2.3)

41
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T =x9+ct

sY

0 Xy

Figure 2.1: Boundary conditions for linear advection equation.

in a finite domain (z,t) € [0,1] x RT with ¢ > 0, we impose a boundary
condition at x = 0. No boundary condition is needed at = = 1, see Figure
2.1.

A characteristic curve/line is one of the major tool in studying wave
propagations in a hyperbolic system. For the linear advection equation, for
instance, along a straight line defined by

x = x9 +ct, (2.4)

It holds that
%@c: Zafu-ﬁ-%-di:(). (2.5)
dt 'ae=¢ ot Ox dt

This implies that u maintains constant along this line, that is, u(z,t) =
u(xp,0). This line is called as a characteristic line. This line brings the
information from the initial data. In more general cases, as we shall see
for a nonlinear hyperbolic system later, the information may propagate in a
curve, which is called as a characteristic curve.

The direct consequence of the discussion for characteristic curve is the
finite propagation speed in a hyperbolic system. We recall that the heat
diffusion propagate with infinite speed.

Due to the finite propagation speed, the solution u(z,t) depends only
on previous information within a finite range in the (z, t)-plane. This defines
a domain of dependence.

Meanwhile, the information at (z,¢) only influences a limited sub-
domain in the future, which defines a range of influence.
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(1)

l«—D(x,t) — T

Figure 2.2: Domain of dependence and range of influence.

2.1.2 A Function Space

The most distinct feature in hyperbolic partial differential equations is dis-

continuity. The generation and propagation of a spatially discontinuous

wave require discussions in a suitable function space, which should be “big-

ger” than the continuous function space such as C'. It turns out that a

total variation bounded (TVB) space is a suitable choice. We remark that

for two space dimensions, the suitable function space is not discovered yet.
The total variation for a function f(z) is defined as follows.

TV (f) = lim — / |f(x (x —€)|dz. (2.6)

e—0 €

In our numerical studies, the numerical solution is usually interpreted as
a piecewise constant function, that is, a grid function. For such a function,
the total variation is equivalent to

= Z |fi = fical. (2.7)

We remark that total variation does not define a norm. In fact, TV (f) =
0 only leads to f(z) = C where C may be non-zero.

It is straightforward to see that TV (u(z,t)) remains unchanged for a
linear advection equation. It is very important that 7'V (u(z,t)) is non-
increasing for a nonlinear equation in general.

2.1.3 Linear System

A direct generalization for a linear advection equation is a linear system.
Consider for u a vector-valued function, which is governed by

u, + Au, = 0. (2.8)



44 CHAPTER 2. FVM FOR HYPERBOLIC PDE

Y

8

Figure 2.3: Total variation.

If A is diagonalizable with complete eigen-vectors, then we collect all the left
eigenvectors to form a matrix P, namely, PAPT = A = diag(\1,---, An).
Let w = Pu, we find that

wy + Aw, = 0. (2.9)

Therefore, we obtain a decoupled system. For each w;(x,t), the wave prop-
agation is governed by a linear advection equation

Ow; + X\ 0zw; = 0. (2.10)

We remark that a special case which guarantees A to be diagonalizable
is when all the eigenvalues of A are distinct.

2.1.4 Nonlinear Conservation Laws: The Difficulties

For a scalar nonlinear conservation law

@+ f(q)z =0, (2.11)

we further require a convex flux, that is

(@) >0. (2.12)

A representative model is the inviscid Burgers’ equation

ug + <u22>$ =0. (2.13)

For a classical solution u(z,t) € C!, it may be rewritten as

ut + uuy = 0. (2.14)
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Figure 2.4: Monotone increasing initial data: rarefaction.

In this form, we may apply the characteristic approach. Consider a charac-
teristic curve defined implicitly by

dx

- u(z,t), x(0) = xo. (2.15)

Along this curve, again we may compute

dl‘di: Z%—F%‘d—m:o. (2.16)
dt "'&=* ot Ox dt

This means that if a solution lies in C', then u keeps constant along
each characteristic curve. Moreover, as u is a constant, the characteristic
curve is actually a straight line. Then the study of the equation becomes:
for any (z,t), does there exist a unique characteristic line going back to the
x-axis. If this is true, we simply take the corresponding initial data to get
the value for u(z,t).

This leads to a geometric approach. We plot simultaneously three plots,
namely, the flux function in the (g, f(q))-plane, the solution in (z,u)-plane,
and the characteristic lines in (z,t)-plane. Consider monotone initial data.
There are two possibilities.

e If the initial data is monotone increasing (and C!), then exist unique
solution in C*.

e If the initial data is monotone decreasing (and C'), then the character-
istic lines intersect in finite time. At this time, the solution becomes
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Iy
&

Figure 2.5: Monotone decreasing initial data: shock.

discontinuous as u, — 4o00. If one keeps going with the character-
istic approach beyond this time, the solution flips over and becomes
multi-valued.

For the first case, the wave profile gets flattened, see Figure 2.4.

For the second case, the discontinuity propagates at a speed determined
by u across the shock front, see Figure 2.5.

For general initial data, both monotone increasing and monotone de-
creasing branches exist, and discontinuity develops for whatever smooth
initial data.

In studying nonlinear hyperbolic equations, there are two special cases,
which serve as the elementary waves. For the inviscid Burgers’ equation,
they are explicitly expressed as follows.

e Centered refraction wave u_ < uy:

u_, ifx<wu_t;
u(z,t) =< x/t, fu_t <z <uit; (2.17)
ug, ifz>uyt.

e Shock wave u_ > uy:

1. The Rankine-Hugoniot relation determines the propagation speed.
It is actually an integral form of the equation. It may be obtained
formally by substituting 0t by —s where s is the shock front prop-
agation speed, and then put a jump sign defined by [ f] = f+—f-.
That is, we have

u?
—s|u] + H?I] =0. (2.18)

From this we derive .
5= % (2.19)

2. The Lax entropy condition u_ > u, arises from the intersection
of the two characteristics across the shock front. In particular,
if we draw the two characteristic lines with an arrow pointing
along the time evolving direction, we have the so-called “2-in-1-
out” situation. That is, both characteristic lines point toward the
wave front.
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The solution therefore reads as follows.

u_, ifx < st;
@, t) = { uy, ifz > st. (2.20)

2.1.5 Nonlinear System

For a nonlinear system it is more complicated. For instance, for the poly-
tropic gas in the Lagrangian coordinates, we have

v — Uy = 0, (2.21)
Ut —i—p(v)x = 0.

The Riemann problem is solved with left-going waves R_,S_, and right-
going waves Ri,Sy. Here R_, Ry are central refraction, and S_, S are
shocks.

In the phase space, the left-going wave and the right-going wave give

Uy = u— + f(vx —v-), (2.2)
Up = Up + [+ (v — v4).
Combining these two facts, we obtain v, from
we = i — v+ (v —v). (2.23)

As uy is obtained accordingly, the two waves are identified. This solves the
Riemann problem.

2.2 Finite Difference Methods for Linear
Advection Equation

Consider the linear advection equation
ut + cug = 0. (2.24)

The following finite difference schemes are readily obtained, among many
other possible designs. All schemes listed below are explicit ones. We shall
explain why implicit ones are not under consideration later.

e Central difference scheme:

uptt — Uppy1 — Upy—q
=0. 2.2
’ +c 57 0 (2.25)

e Forward (in space) scheme:

n+l _ . n u® —un
el RS ) (2.26)

k h
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x=Xx,+ct

=

%o
Figure 2.6: Solution for the linear advection equation.

e Backward (in space) scheme:

n+1 n
Uy~ — U U

et m-l _ . (2.27)
e Lax-Friedrichs scheme:
ntl _ Umg1tUmod n o _.n
fm 7 c“m“%“m‘l =0. (2.28)

If ¢ > 0, the exact solution is u(z,t) = ug(z — ct), where ug(z) is the
initial data, see Figure 2.6. From this exact solution, we notice that the
forward scheme has no chance to be correct, because it takes information
from the wrong side, and the solution is likely to contain discontinuities.
This differs from the situation for the heat equation, where we are quite free
in choosing the stencil to reproduce the derivatives because the solution is
smooth in general.

We demonstrate the instability by a very simple argument. Let us think
about initial data of a Heaviside function

wtey =) = { 3 11255 220
Moreover, let ck/h = 1. This reduces the forward scheme into
umtt = 2u — Ul . (2.30)
It is evident that u),, =1 for all m > 1. This gives, in turn, that
ug =—(2"—-1), forn>1 (2.31)

Instability appears also for other grid points to the left. See Figure 2.7 for
an illustration.
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Figure 2.7: Instability for the forward scheme.

In the meantime, the backward scheme with ck/h = 1 becomes
= (2.32)

This actually agrees with the exact solution. However, this does not apply
to nonlinear equation in general.

If ¢ < 0 instead, the stabilities for the forward and backward schemes
change. Therefore, we define a downwind scheme and an upwind scheme
instead. If the stencil only consists of grid points from where the information
comes from, the upwind direction, we call the scheme upwind. If the stencil
only consists of grid points from the other side, we call the scheme downwind.
Therefore, the upwind scheme is a forward one if ¢ < 0, and a backward one
if ¢ > 0.

The upwind scheme is stable, under certain restrictions of the time step
size. We prove this by another type of stability analysis, namely, through
the modified equation.

As we shall see the reason, it is assumed that k ~ h. Taylor expansions
lead to the following form for the upwind scheme (the backward scheme with
c>0).

s + gutt +e(up — gum) +O(h?) = 0. (2.33)
Noticing that this implies that
up = —cuy + O(k), (2.34)
and
U = gy + O(K). (2.35)

Therefore, the numerical scheme actually solves, to the order of O(h), the
following equation with A = ck/h.

1
U + cuy = —§(k02 — ch)uge + O(h?)

= D1 N+ O,

(2.36)
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We call the resulted partial differential equation as the modified equation.

ch

2 (1 - )‘)u:m: (2.37)

ug + cuy =
As a positive diffusion requires A < 1, this gives the stability condition.
Fail to satisfy this condition leads to a negative viscosity, and numerically,
a blow up. This restriction on time step size is the famous CFL (Courant-
Friedrichs-Lewy) condition.
We may investigate the stability for these schemes by the von Neumann
analysis. For the central difference scheme, we compute

g=1—1i\sind. (2.38)

It is always unstable.
For the upwind scheme, we compute

g=1-X+ e ¥, (2.39)

Again, we find that it is stable only if A < 1.
We may compute for the implicit scheme

n+l _ ,n u'fl+1 _ yntl
Hm - Im gy ometl =0, (2.40)
The amplification factor reads
1
A v (241)

It is unstable even when A < 1.
On the other hand, we compute for another implicit scheme

n+l _ . n u’n—l—l _ un-i-l

The amplification factor is

1

ST A e (243)

9

This scheme is unconditionally stable, namely, for any A. Unfortunately,
this does not apply to nonlinear problems.



Chapter 3

Finite Volume Method for
Scalar Equations

3.1 Direction of Time

Though a scalar conservation law

gt + f(Q)x =0, (3.1)

remains unchanged under the transform (z,t) — (—z,—t), the more com-
plete physical system includes a diffusion term.

a4 + f(@)z = €Gza- (3.2)

Symmetry in (z,t) does not hold for this system. As we described
before, the hyperbolic partial differential equation is obtained by dropping
out the diffusion terms to better capture the wave phenomena. The time
direction may be readily shown by a discussion on the entropy pairs.

Consider a classical solution with finite energy to the Burgers’ equation

u2
ur + <> = €Uyy. (3.3)
2 T

We multiply the equation by 2u.

203
(u?); + <3> = 2€Ulyy. (3.4)
x
We integrate over R. Noticing that
xgllloou(x, t) =0, (3.5)

due to the finite total energy, we integrate by part and reach at

d

2 2
pp Ru dz 6/Ru$dx (3.6)

o1
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Figure 3.1: Shock generated by the collision of two shocks (left); or by the
propagation of one shock (right).

The time direction therefore may be identified by requiring that the

integral of the entropy function u? decreases. Moreover, we call the corre-
3

2u
sponding flux function —— as the entropy flux. These two form an entropy
pair. While it holds for a classical solution in the limit ¢ — 0+ that

(u?): + (233)% =0, (3.7)

for a non-classical solution (e.g. a shock solution) we have in a integral sense
that

23

(u?); + (3)x < 0. (3.8)

Accordingly the time direction is set as the direction for decreasing
entropy function, when we drop out the diffusion terms to get the hyperbolic
equation (3.1).

In general, hyperbolic problems have a fixed time direction and the
structure of solution plays a key role in numerical approximations. For
example, in the two subplots of Figure 3.1, we have either a shock generated
from the collision of two shocks, or simply propagation of a single shock. If
we look back from time t* = 2, we have no idea where this shock structure
comes from. This also explains why implicit schemes are not adopted for
calculating hyperbolic conservation laws.

We remark that the entropy pairs are not unique for a scalar conser-
vation law with a convex flux function. They are equivalent to each other
in the sense of selecting the same discontinuities, and also equivalent to the
Lax entropy condition.
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3.2 Godunov Method

Godunov first proposed a numerical method capable of capturing shocks
correctly in the 1960’s. This method was then generalized to the finite
volume method. Godunov method is designed with two important basic
ideas.

First, a cell averaged view for the grid function is taken. Instead of
regard the grid function as the value at a grid point, we define a cell around
a grid point xm, as Cm = [Ty,—1/2, Tpq1/2]- Then we regard the value uy;, at
(xm,t") as the cell average

d=y [ awids (3.9)
hJe,

We further define a numerical flux

1 tn+l

m—1/2 = k/t f(@(@p—1/2,1)) dt. (3.10)

n

Integrating the equation over the domain Cy, x [t", "] we obtain
g™ = an) + k(Ep g — Fin_yjg) =0 (3.11)

The cell average is updated with

n n kj n n
Gt = = 5 (Fgaa = Faoaga) (3.12)

This expression is exact, in contrast to the approximation one makes
for a finite difference scheme. The numerical algorithm then transforms into
the design of the numerical flux F | /2

The other basic idea in the Godunov method is the choice of the Rie-
mann solver as building blocks.

This starts with the assumption that the data at " is taken as piecewise
constant, namely, u(z,t") = u}, for x € Cp,. Due to the finite propagation
speed, the exact solution within C, is determined by wu;, |, uy,, uy, 1, Pro-
vided that the time step size is chosen to be small enough. Roughly speaking,
if the maximal characteristic curve slope max |f/(¢)| < C, the time step size
is chosen as k < h/2C. This is more stringent than the CFL condition, and
may be relaxed after a modified discussion in general.

It greatly reduces the coding cost as we only need the value at cell-
interface to get numerical flux. The detailed Riemann solutions need not be
computed.
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qI/ '
Nf(q)
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E: | x [ x
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Figure 3.2: Riemann solution to ¢; + f(¢q)z = 0.

For a convex flux function f(q) with f"(¢) > 0, we denote ¢, for the
unique stagnation value, namely f’(¢s) = 0. The numerical flux is

flay_1) ifqh_1 > qs,8>0,
m—1/2 = fla@m_1/2,1)) = ¢ flan) i <gs,5<0,
flas)  ifan_y < as < g,

Lominf(g) ifgy_4 <gp
Ay 1<q<qp,

max  f(q) ifqy_4>qp
am<q<qy,_1

(3.13)

Here s = (f(q2) — f(arh_1))/ (@} — q',—1). We remark that the latter
expression applies to non-convex flux function as well. We also observe
that if f/(q) does not change sign, then the Godunov scheme reduces to the
upwind scheme.

The Godunov method can be generalized to an REA algorithm, which
will be adopted extensively in our discussions.

e Reconstruct a piecewise polynomial function ¢(z,t,) from the cell av-
erages q;,. High resolution methods use polynomials, whereas the
Godnov’s cell average is a 0-th order polynomial.

e Evolve the solution for a time step, and find either exact or approxi-
mate solution at t"*!. This usually means a Riemann solver.

e Average the solution at t"*! in each cell, that is,

1
gttt = h/ q(z, ") dz. (3.14)

m

3.3 Conservative Form and Convergence

In an REA approach, the algorithm takes a conservative form, that is, the
increment of a cell average is obtained with the numerical fluxes across the
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cell boundary. We call such a scheme as a conservative scheme. A non-
conservative scheme usually lead to wrong propagation speed for a shock
wave.

We explain the shock speed by the inviscid Burgers’ equation with initial
data

2, ifx <0,
u(@,0) = { 1, ifz>0. (3.15)
The exact solution is a shock wave.
[ 2, ifz < 3t/2,
u(z, t) = { 1, ifz > 3t/2. (3.16)

We recall that an upwind scheme is in Conservative form.

k (un )2 (un _ )2
n+1 n m m—1
= - = — . 1
Its modified equation is
h
up + cug = %(1 — N)ttge. (3.18)

It gives a traveling profile for a shock wave with the correct propagation
speed, that is, the speed determined by the Burgers’ equation. The transi-
tion layer has a thickness on the order of ch(1 — \)/2.

In the meantime, recasting the inviscid Burgers’ equation into its prim-
itive form

up + uuy = 0, (3.19)
it is natural to take a non-conservative scheme as follows.
n+1 n k n n n
Uy = Upy — Eum(um - umfl)‘ (320)

The difference between these two schemes is clearly seen from the fol-
lowing form.
L ET@R? )] ko

n n 2
_.n _F _ N — . 21

The modified equation for the non-conservative scheme is

h 1
w + cug = %(1 — Ntz + Sh(us)’. (3.22)

As a different traveling wave equation is obtained, even for h — 0, different
propagation speed is obtained for a shock profile.

The following theorem relates a conservative scheme with correct shock
speed.
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Theorem 3.1. (Laz-Wendroff) Consider a sequence of grids {k, h},

with lim W = lim Wb = 0. Let the numerical solution be denoted as
J—+00 J—+o0

g = (Wgnr). If the scheme is consistent (Lipschitz continuous), conserva-
tive, stable and SU)q — q. Then q is a weak solution.

Remark 3.1. We note that besides the consistency and convergence, sta-
bility is taken as a premise. The schemes under consideration here are
nonlinear, for which the Laz-Richtmeyer theorem of equivalence does not

apply.

Before prove the theorem, we first clarify the notions appeared in this
theorem.

e By consistency, we require a Lipschitz continuity of the flux function,
that is, there exists a constant L such that

’F(Qm—la Qm) - f((j)’ S Lmax(’Qm - Q‘a ‘Qm—l - (ﬂ) (323)

e By stability, we assume that for each T', there is an R > 0 such that

TV(Wq(-, 1) <R, YO<t<T, j=1,2---. (3.24)

We remark that this stability definition excludes the case when infinite
many oscillations occur with finite amplitude. Instability may appear
as overflow (Ju| — +o0) for parabolic equations, and oscillation for
hyperbolic equations.

e Here SWq(x,t) = S{U)g"} denotes a piecewise constant function that
takes the value ¢, on the space-time mesh cell (z,,_1 /25 Tyl /2) X
[t",t"*1). Tt is indexed by j corresponding to the particular mesh
used, with WA and Wk both approaching zero as j — oo.

e The convergence S(q) — ¢ for the function sequence (g(z, t) to ¢(z, t)
in the sense that over every bounded set 2 = [a, b] x [0, T] in the (z,t)-
space, it holds that

T rb
/ / ISWq(z,t) — q(z,t)|dzdt — 0, asj— co. (3.25)
0 a
This is actually the 1-norm over the set €0, so we can simply write
18Wq —gll1g =0, asj— oc. (3.26)

e The introduction of a weak solution arises as follows. For a classical
solution ¢(z,t) to the equation

4+ f(q)2 =0, (3.27)
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we find that for any ¢(x,t) € C§° (smooth function with compact
support), it holds that

to —+o0
/t /_ lgbe + F(@)a]dadt = 0. (3.28)

We integrate by parts to get

0 —+00 0
/0 /_ (gt + f(q)ps|dadt = —/ q(z,0)p(z,0)dx. (3.29)

—0o0

Because continuous solution breaks down in a nonlinear hyperbolic
conservation law in general, we consider a broader sense of solution.
That is, if (3.29) holds for any ¢(z,t) € C§°, then we call ¢ a weak
solution.

Proof. We will show that the limit function ¢(z,t) satisfies the weak form.

Let ¢ be a C§° test function. On the j-th grid, we define its discrete
version ®) by g = ¢(Wz,,, W), where (Wz,,, Ut,) is a grid point on
this grid. Similarly, U )qfn denotes the numerical approximation on this grid.
To simplify notation, we will drop the superscript (j) below and simply use
¢l and g, but remember that (j) implicitly presents, and in the end we
must take the limits as j — oc.

Multiply the conservative scheme

n n k n n
Qm+1 =qm — E(Fm+1/2 - Fm—1/2) (330)
by ¢;, to obtain
(bn n+1:¢n n_ﬁ(ﬁn(n . m ) (331)
mm m%m, Bm m+1/2 m—1/2/* :

This is true for all m and n on each grid j. If we sum (3.31) over all m
and n > 0, we obtain

SN T ) =S Y e~ Fa) (332
n=0m=—o00 n=0m=—o00

We now sum by parts, which just amounts to recombining the terms in each
sum.

m m—1
Z ai(bi — bz;l) = ambm — aobo — Z (ai+1 — az)bl (3.33)
i=1 1=0

Note that the original sum involved the product of a,, with differences of
b’s, whereas the final sum involves the product of b, with differences of a’s.
This is completely analogous to integration by parts, where the derivatives
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is moved from one function to the other. Just as in integration by parts,
there arise boundary terms a,,b,, — agbp.

We apply this Abel’s formula on both sides of (3.32) (for the n-sum on
the left and for the m-sum on the right). By our assumption that ¢ has
a compact support, then ¢!, = 0 for |m| or n sufficiently large. Hence the
boundary terms at m = £o00, n = oo all drop out. The only boundary term
that remains is at n = 0 for to = 0. This gives

[e o]

- Z QO Z Z d)n ¢n 1 m hz Z m+1 'rZ—l/Z‘

m=—0o0 n=1m=—oo n=0m=—oo
(3.34)

Note that each of these sums is in fact a finite sum, since ¢ has compact
support. Multiplying by h and rearranging this equation gives

hklz > < — O 1>qm

n=1m=—o00

3D (m“ ) Es

n=0m=—o0

(3.35)

=—h Z (bmqm

m=—0o0

Now let j — oo, so that Wk, Wh — 0 in (3.35). It is reasonably
straightforward, using the 1-norm convergence of )¢ to ¢ and the smooth-
ness of ¢, to show that the term on the top line of (3.35) converge to

o o0
/ / b¢(x,t)q(z,t) dr as j — oo. If we define initial data ¢¥, by tak-
0 —0o0
ing cell averages of the data go(x), for example, then the right-hand side
o0

converges to — ¢(x,0)q(z,0) dx as well.

The remaining term in (3.35), involving F /o> 1s more subtle and
requires the additional assumptions on F' and ¢ that we have imposed. For
a three-point method (such as Godunov’s method), we have

DFR )y =F(Dqp 1, D). (3.36)

m
and the consistency condition (3.23), with the choice § = U)¢?, gives

DER Ly — F(Dgp) < LIWqp, = Dgr, ], (3.37)

m

where L is the Lipschitz constant for the numerical flux function. Since ¢(/)"
has bounded total variation, uniformly in 7, it must be that

\(j)F”,l/Q — f(Wgn)| =0, asj— occ. (3.38)

m

for almost all values of m. Using this and the fact that ()¢" converges to g,
it can be shown that
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hkz Z (W) 7%1/2%/000 /_Z ¢z(x,t) fq(x, 1)) dadt,

n=0m=—00
(3.39)
as j — oo. This completes the demonstration that (3.35) converges to the
weak form (3.29). Since this is true for any test function ¢ € C}, we have
proved that ¢ is in fact a weak solution. ]

For simplicity we assumed the numerical flux F _, /2 depends only on
the two neighboring values ¢,_; and ¢;,. However, the proof is readily
extended to schemes with a wider stencil, under a consistency condition that
the flux function is uniformly Lipschitz-continuous in all values on which it
depends.

Finally, we make several remarks.

e There usually exist more than one weak solutions. For the inviscid
Burger’s equation with initial data

1, =<0,
u(z,0) = { 9 >0 (3.40)
the following two weak solutions exist.
1, T <t,
u(z,t) =q z/t, t<ax <2t (3.41)
2, x > 2t;

1, z< §25,
*%’t. (3.42)

U(l’,t)—{ 2, T > 5

e The theorem guarantees the correct propagation speed when a numer-

ical shock profile is obtained. However, this does not mean that the

numerical shock profile gives a correct solution. The entropy condition
needs verification.

e Numerically, we do not really take j — oo. Instead, we just double
grid.

Here we give two examples of conservative schemes. For an upwind
scheme of the inviscid Burgers’ equation, the numerical flux is

u2

==, U, Umt+1 > 0,

Fm+1/2 = 0, U Um41 < 0, (343)
um
%7 Umn,; Umn+1 < 0.

For a central difference scheme, we have

u? + u2
Friiy2 = mfmﬂ (3.44)
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3.4 Entropy Condition

As discussed in the previous section, the Lax-Wendroff theorem does not
guarantee a weak solution to satisfy the entropy condition. From the theory
of hyperbolic conservation laws, we know that a “correct” solution should
satisfy an entropy condition. In a sense, the limiting behavior for a more
complete diffusive system

qr + f<Q):B = €qzx, (3~45)

as € — 0+ is described by the combination of the weak form of equation

@+ f(@)z =0, (3.46)

and an entropy condition.
Three kinds of entropy conditions are commonly used.

e Lax entropy condition. For a convex scalar conservation law, a
discontinuity propagating at speed s (given by the Rankine-Hugoniot
relation) satisfies

(@) > s> f'(qr). (3.47)

e Oleinik entropy condition. There exists a constant £ > 0 such
that for all @ > 0, ¢t > 0, and x € R, it holds that

q(z +a, tC)L —alz.t) _ % (3.48)

e Entropy pair. The last approach defines an entropy function n(q),
motivated by thermodynamic considerations in gas dynamics. The
entropy function 7(q) is convex in ¢, i.e., 7’ (¢) > 0. Along with an en-

tropy function 7(q), we define an entropy flux ¥(q) = "(9)f'(q) dgq.
Yy n Yy n

For a classical solution, it is easy to check that

N+ ¥ =0. (3.49)

A weak solution ¢ satisfies the weak form of the entropy inequality for
all ¢ € C}(R x RY) with ¢(x,t) >0,

/OOO /OO [¢en(q) + 62 (q)] ddt + /OO o(z,0)n(q(x,0)) dz > 0.  (3.50)

The entropy inequality (3.50) is often written formally as

n(q)t + ¥(q)z < 0. (3.51)
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In case of a scalar conservation law in one space dimension with a
convex flux, it may be shown that the three entropy condition are equivalent.
Although the Lax entropy condition seems to be most straightforward, it is
usually more convenient to adopt the entropy pair approach for theorem
proof of a general Cauchy problem. In fact, the Lax entropy condition may
be used for each shock. There is a general methodology of shock tracking
for solving hyperbolic conservation laws. In that approach, one detects and
follows each shock, using the Rankine-Hugoniot relation and the entropy
condition. The whole problem is then transformed to the calculations of a
smooth solution away from the shock, and the calculation of how the smooth
solution subdomains evolve or how the shock fronts evolve. The drawback
of this approach becomes obvious when many, possibly small or weak, shock
fronts emerges, which is typically the case in applications. Different from
the shock tracking method, it is more commonly used that one solves the
equations by a carefully designed scheme that does not explicitly identify
the shock front. Instead, a shock front appears in terms of a sharp numerical
gradient. This gives a shock capturing approach. The programming is much
simpler for such a scheme. As a numerical scheme always contains artificial
viscosity to stabilize the computation around a shock, such a scheme may
overlook a shock if the numerical dissipation smooths out a relatively flat
gradient. Finite volume method falls into this shock capturing approach.

In the following, we shall prove that the Godunov scheme yields an
entropic solution in the limit of j — 0. As a matter of fact, the Godunov
scheme is in a conservative form, and the Riemann solver implies a local en-
tropy inequality across each cell. We shall show that the entropy inequality
is obtained over the whole domain by the Godunov method.

In numerical computations, the Godunov scheme considers locally each
pair of neighboring cells as a Riemann problem. So far as the CFL condition
is satisfied, the two Riemann problems around each cell do not interact with
each other.

We first divide the domain of interest into uniform grids, as shown in
Fig ??. For each cell, we solve two Riemann problems, for which the entropy
equality (3.51) holds. We define two functions in [,,_; /2, Tp41/2] X [t", .
First, we take

L (2,t) € [Tp_1/2, Tm] X [t "],

0, elsewhere. (3.52)

pr(z,t) ~ {

Here we use ~ to denote that ¢, is actually a smoothed function, e.g.
by a standard mollifier in exponential form.
Similarly, we define

1, (z,t) € [xm,xm+1/2] x [tn, e+,
#2 { 0, elsewhere. (3.53)
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For the first Riemann problem, we know that an entropy inequality holds.

/ /(¢1t77 + ¢1.0)dadt + / ¢1(z,0)n(x,0)dz > 0. (3.54)
r+ JR R

Noticing that ¢1; ~ 6(t—t")—=8(t—t"*1) and ¢1o ~ 6(x—Ty,_1/2) =6 (T —T1m),
we have

[ ety —ntate s

m—1/2
tn+1
[ Wty t) = Voo )it + [ ér@, 0ol 0)do > 0.
t L
(3.55)
The last term drops out unless we discuss the first time step.
Similarly, we have
Tm+1/2 n il
[ et ) ~ ntatar 71
tZL+1
+/ U(q(wm, 1)) — U(q(Tpq1/2,t))dE + /Rcﬁg(x,O)n(q(x,O))dx > 0.
tn
(3.56)
Summing the ¢ and ¢9 inequalities together, we obtain
Tm+1/2 11 Tm+1/2 n
[ et yae < [ gt ds
Tm—1/2 Tm—1/2
et G (3.57)

+/tn V(q(Tm—1/2,1)) dt—/ U(q(@py1/2,1)) dt.

t'fl

If n = 0, an additional initial term should be included. Here ¢(x,t) solves
the equation with a piecewise initial data

q(z,t") = Gy T_1/2 < T < Tpppr/2- (3.58)
Because ¢(z,t™) is constant in the m-th cell, we observe
Tm+1/2
[ wtatw. ) do =t (3.59)
Tm—1/2

m

On the other hand, ffmjll//; n(q(z,t" 1)) dz does not equal to hnH

because we average q(x,t"*1) to get ¢%"'. However, because " (q) > 0, the
Jenssen’s inequality gives

1 [Tm+1/2
=g =1 (h/ gz, t") dfv)

Tm—1/2

) (3.60)
1 m+1/2 n+1 n k
SE n (q(z, ")) do <y, — E[\Ijerl/Q =1/

m—1/2
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where W,,, 1 /5 = ¥(gp,41/2)- Using the same argument for the Lax-Wendroff
theorem and taking the limit j — oo, we may prove that

/ / (601 + 6o )dadt + / o, 0)(g(z,0))dz > 0. (3.61)
R+ JR R

In fact, the four conditions in the Lax-Wendroff theorem may be checked
as follows. First, the consistency holds with ¢,, 12(@) = ¢(q). Secondly,
the formulation (inequality) for (7, ¥) is in conservative form. Thirdly, it
is stable as TV (n) < C x TV(q) because 7 is a C? function in ¢. Finally,
the convergence holds again due to € C? which yields Sn(q) — n(q)
provided SWq — ¢.

From Equation (3.61) we know that in the weak sense

aatn(q(x,t)) + ;;\If(q(x,t)) <0. (3.62)

We conclude that the Godunov method satisfying a local entropy con-
dition (for each cell Riemann problem) guarantees the global entropy con-
dition.

3.5 Nonlinear Stability and Convergence
For a Linear advection equation
ug + cuy, =0, (c>0) (3.63)

we consider a general linear scheme

uttt = Z Uy, - (3.64)
J

It may be shown that if o; > 0 (V7), then this scheme is at most of the
first order accuracy except for the special case of u! = uy,_, with ck = [h.

This scheme has some nice properties. First, because o; > 0, it is a
positive scheme. Consequently, it preserves monotonicity, and is hence called
as a monotone scheme. That is, if the profile of u” is monotone, so is u™*1.
In contrast, a non-monotone scheme usually generates new oscillations.

Secondly, the positive scheme leads to a contractive operator. More
generally, if we have a scheme that gives a solution with

ugj—l = N(u%—la ug"m uZ’L—ﬁ-l)' (365)

Suppose that it gives another numerical solution

Gt = N (ty, _y, gy, Ty g)- (3.66)
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u(x) A u(x) A (a)
—
s s
X X
u(x) A u(x) A (b)
—
s s
X X

Figure 3.3: (a) Positive scheme preserves monotonicity. (b) Non-monotone
scheme generates new oscillations.

We obtain a contractive operator if it holds that
[t =@t <) ut —an (3.67)

A positive scheme always leads to a contractive operator.

1 ~n+1 ~
Pt = aptt =32 oy (upgy — )l
m
<D alluggy — )l

m
< 3 Sl - )

l=m+j j

< Do lf —ap) =l —an .
l

Here we have used the fact ) joy <1, which is a consistency and stability
requirement.

Finally, the previous positive scheme is stable. More generally, for the
nonlinear equation

@+ f(@)z =0, (3.68)

a nonlinear scheme
;Z;Ll = N(Q;Lq—]7 U 7q17’)l’L+I)7 (369)
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is a monotone scheme if ON/dg; > 0, Vj. There appears no new oscillation
in numerical computations with such a scheme. However, it is only of first
order accuracy.

We remark that monotonicity of a scheme is too restrictive. Therefore,
we consider the T'V-stability (total variation stability) instead.

We first define LV for time 7' > 0 with norm

T T +o00o
ol = [ letolhdt= [ [ et ojdsa. (@70)
0 0 —00

Then we define a total variation for time 7" by

1 T “+00
TVeq) = limsup ¢ [ [ laCotet) —alot)|+ alet+e) — g, ) dude.
0 —o0

e—0
(3.71)
It is actually the sum of integrals of the total variations in time and in space.
That is,

TVr(q) = /OT TV (q(-,t))dt + /+OO TV (q(x,-))dz. (3.72)
In particular, for a discrete solution, we hav:eoo
T/k 4o
TVr(@™) =" " [klgp — gl + hlgh™ — ]
T;Z meTee (3.73)

=Y [kTV(q") + llg"" = ¢" | 1a)-
n=0

It may be shown that
K={qeL"": TVr(q) < R,supp(q(-,1)) C [-M, M],¥t € [0,T]} (3.74)

is compact, that is, any bounded sequence in this set has a convergent
subsequence in LY.

We call a numerical scheme TV-stable if 3§ > 0, such that V@Wk < 4,
numerical solution (g lies in K for certain R and M. Here R and M may
depend on the initial data, 7" and f(q), but not on @

We note that the existence of M is guaranteed if initial data has compact
support, due to the finite propagative speed.

Unlike in the linear case, the relation among stability and convergence
is more complicated. By convergence, we usually mean ¢, — q¢(z,t) as
h,k — 0, as discussed before. We notice that there may exist more than one
weak solution ¢g. So we define a solution set W = {q|q is a weak solution}.
In this section, by convergence we mean

dist(Sq, W) = 1215\} IS¢ —w|1r—0 ask—0. (3.75)
w

Moreover, for simplicity, we let A = % be fixed.
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Theorem 3.2. A conservative method with Lipschitz continuous numerical

flux is TV-stable, if ¥q°,35, R > 0, such that TV (¢") < R, Vk<d&nk <T.

Proof. We first justify that 3a > 0 such that ||¢""! — ¢"||;1 < ak, Vk <
k‘(), nk < T.
We employ a conservative method

n n k mn mn
Qm+1 —qm = _E(Fm+1/2 - Fm_1/2)~ (376)
Therefore we have
lg"*t = "|| 1 —kZ’ m+1/2 — Fin_1/2]- (3.77)

Since ¢" has a compact support and TV (¢") < R, we have |¢/| < %.
Therefore, by the Lipschitz continuity, it holds for certain K that

[ Fong1/2 = Fon- 1/2’<K2’qm+j Tprj1l- (3.78)
j

Here j is the index for the neighboring cells in the stencil. Then we estimate
the L! norm of ¢" and compute the total variation of q.

+o0
g™ =gl Sk -K Y > lames — Gl
m=—00 j
<k-KY» TV(¢") (3.79)
J
<k-K - (numberof j)-R
= ak.

T/k
TV (Yg) =D KTV (¢") + " = ¢"l| 1]
n=0
T/k (3.80)
<> [k R+ okl
n=0
<k-(R+a) T/k=(R+a)-T.

Finally, we arrive at the conclusion that (g is TV-stable. O

Theorem 3.3. let U)q be obtained by a conservative and consistent scheme
with a Lipschitz continuous numerical fluz. If the method is T'V-stable, then
it is convergent. That is, dist(Vg, W) — 0 as j — .
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Proof. Assume if it is not true, then there exists ¢ > 0 and sequences
{(l)q, @, - - } with Dk — 0. where

dist(qkj,W) >e, Vj.

Therefore, we can extract a subsequence in the compact set C, which con-
verges to v € K.
Then it holds that

H(j)q — vl r<e asj— oo

By the Lax-Wendroff theorem, v € W. This contradicts with the assump-
tion. Therefore, the theorem holds. O
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Chapter 4

Finite Volume Method for
Nonlinear Systems

4.1 General Setting

In this chapter, we design numerical schemes for either a linear system
¢+ Agz =0, ¢qeR% (4.1)
or a nonlinear system
g+ f(9)e =0, qeR% (4.2)

Same as before, a finite volume method starts with the cell average

1 Tm+1/2
Qm = / q(x,t")dz, (4.3)
h Tm—1/2
and a flux function
1 tn+1
m-1/2 = T /tn fla(@m—1/2,t"))dt. (4.4)

We remark that () is used here to emphasize that a vector function is
under consideration here.
The exact formula for updating is

n n k n n
Qm+1 = Qm - E(Ferl/Q - Fm71/2)' (45)

The key issue is then the approximation of the exact flux by a numerical
flux. Typically, we require the CFL condition ])\|maX% < % Usually this
may be relaxed to [Almax s < 1.

69
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The approximate flux is usually designed as a function of several cell
averages. The resulted scheme the depends on corresponding cells, which
form a stencil. In a simplest form, two cell averages are used.

:@71/2 = F(Qm-1,@n) = f(Q;%UQ(QZz—la Qm))- (4.6)

We define fluctuations

ATAQY, 1/2 = f( :nfl/Q) — f(Qh,-1); (4.7)
A+AQm_1/2 f(Q:Ln) - f( ;_1/2)‘ .
The scheme then reads
Q= Qn — (A AQy, 12+ ATAQ /o) (4.8)

We observe that the increment of ) comes solely from the right-going
waves from the left cell boundary, and the left-going waves from the right
cell boundary.

4.2 Godunov Method for Linear Systems

We develop some basic notions for a system through the Godunov method
for the linear system (4.1). Formally, the finite volume method gives

Qan - Qn, 4 AQ:;LH/Q o AQnm—1/2
k h

By hyperbolicity, we know that there is a transform matrix P composed of
row eigenvectors for A, such that

= 0. (4.9)

PAPT = A = diag(\y, -+, \g). (4.10)

Under this transform, the system becomes decoupled. Each of the state
variable is governed by a linear advection equation. Numerically, we define

PQ%71/2 = ~:ln71/27 PQn_1 = N:Lnfla PQy, = Q:Ln (4.11)

By the Godunov method for each decoupled equation, we obtain

Qnt = Q- ( iz~ Qrci2)- (4.12)
Here, the intermediate state is defined by

~n _ | p-th entry in Qm 1, forA, >0
m—1/2 pthentrme for A, <0

4.1
= Q" _, + {p-th entry in Q” o, for A, < 0} (4.13)

= Q" — {p-th entry in Q" — Q" _, for \, > 0}.
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To simplify the notations, we omit the superscript n for the discussions
on numerical flux.

We define
Ay =min(0,),), Af =max(0,),), (4.14)
A =diag(\T, -+, AY), Al = diag([Adl,--- s [Adl),  (4.15)
and accordingly
A* = PTAEP, |A] = PT|A|P. (4.16)

The Godunov flux for the original variable may be computed as follows.

AQum—1/2 = AQm-1+ AP (Qu_1/2 — Qm-1)
= AQm—l —+ PTPAPT(mel/Q - Qm—l)
=AQm-1+ PTA(Qm 172 — Qm—1)

- AQm 1+ Z )\ Qm 1/2 — Qm 1))p-th entry (417)

— AQu- 1+2prm "

Here Q. — Qm—1 = Zw 12 is the normal mode decomposition. That is,
(p)

W19 is an eigenvector of A corresponding to the eigenvalue \,,.
Similarly, we may show that
AQp—1/2 = AQm — Z AS fs) 1/2° (4.18)
In summary, we can rewrite the Godunov numerical flux as follows.
d
F2 1y = AQmor + Y Ayw? ps (4.19)
p=1
or,
m—1/2 — = AQm — Z)‘p Wi — 1/2 (4.20)

Furthermore, the average of the above two expressions gives

Fo12= %(AQmA + AQm) — %|A|(Qm — Qm-1). (4.21)

This can be viewed as the arithmetic average plus a correction term
that stabilizes the method. For the constant-coefficient linear problem this
is simply another way to rewrite the Godunov or upwind flux, but this
form is often seen in extensions to nonlinear problems based on approximate
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Riemann solvers, as discussed in the next section. This formulation is also
useful in studying the numerical dissipation of the upwind method.
Using the flux above we can get the following updating formula.

(Mol 1y = ol ).

—
> =
(=

1k
n+l __ - _ -
Qm - Qm 2 hA(Qm+1 Qm—l) + 2 .

’ (4.22)

This is equivalent to

1k k
Q%—H = Qm — igA(Qm—H - Qm—l) + ﬁ’A‘(Qm—l —2Qm + Qm+1)' (4'23)

The second term is a central difference, whereas the last term stands
for the viscosity. Notice that the central difference possesses second-order
accuracy, yet lacks of stability. The additional viscous term stabilizes the
scheme and help capturing the entropic shock wave, yet the order of accuracy
is thence reduced. The main goal for developing high resolution schemes is
then to balance the two contradictory demands of stability and accuracy.

4.3 Approximate Riemann Solvers

To apply the Godunov method on a system of equations, we essentially only
need to determine ¢*(gq;, ¢.), the state along =/t = 0 based on the Riemann
data ¢ and ¢.. We do not need the entire structure, but to compute g*
we must typically determine something about the full wave structure and
the wave speeds in order to determine where ¢* lies in state space. The
process of solving the Riemann problem is thus often quite expensive, even
in the end we use very little information from this solution to define the
flux. A wide variety of approximate Riemann solvers have been proposed
that can be applied much more cheaply than the exact Riemann solver and
yet give results that in many cases are equally good when used in Godunov
or high-resolution methods.

For given data Q,,—1 and Q,,, an approximate Riemann solution might
define a function Q,,_; /2(z/t) that approximates the true similarity solution
to Riemann problem with data @,,—1 and @,,. This function typically

consists of a set of d waves. A p-th family wave corresponds to an increment
(p)

vector w, " /20 propagating with a speed 352)71 /2 That is,
d
Qm - Qm—l = Z wg),l/g' (424)
p=1

To generalize the Godunov method using this function, one may either
approximate the state, or approximate directly the flux. For the first choice,
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we define the numerical flux by F,,, 15 = f(@fn_lﬂ), where
Q;Lnfl/Q = Qm—l + Z wfnfl/Z' (425)
SZ%4/2<0

This Q¢ ., is the intermediate state along the cell interface. Then we set
m—1/2

ADQum1y2 = F(Qh 1 15) = F Q1) AT AQu 172 = F(Qm) = F(Q,_y o)-

(4.26)
Alternatively, we may directly use the waves and speeds from the approxi-
mate Riemann solution to define

d d
- _ (p) —..(P) + _ (p) +,,(P)

A" DRy = Z(Sm—l/Z) Wy g oy AT DCQm /2 = Z(Sm—1/2) Win—1/2°
p=1 p=1

(4.27)

With either definition of the fluxes, we then adopt the updating formula

(4.8). In case of a linear system, the above two approaches are equivalent.
But for a nonlinear system, they are different in general.

4.3.1 Linearized Riemann Solvers

To approximate Riemann solutions, one may replace the nonlinear problem
by a linear one

G+ Ay 1262 = 0. (4.28)

The matrix A,, /2 is chosen to be some approximation to f’(q) valid
in a neighborhood of the data Q,,—1 and @,,. There are two requirements
on the matrix A, ;5. First, to make the resulted linear system hyperbolic,

Apn—1/2 should be diagonalizable with real eigenvalues. Furthermore, to
make the linearize system compatible with the nonlinear one, we require

Ap 1o = (@ a8 Qm-1,Qm — @ (4.29)

A natural way to define Am_l/g is to take the average of f'(Qn—1)
and f'(Q.,). But the resulted matrix is usually not diagonalizable, even if
f(Qm-1) and f'(Q,) have real eigenvalues. The other choice is to take
flm_l/z = f’(Qm_l/g), where Qm_l/g is a certain average of Q,,_1 and Q.
For instance, one may take Qm_l/g = %(mel + Q). But this simple choice
does not work properly. If a cell Riemann solution contains only left-going
waves, the correct choice should be Qm_l 2 = Qm. A wave view of the
Riemann solution is more suitable in developing linear approximate solvers.
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4.3.2 Roe Linearization

The situation discussed in the previous section is quite complicated. Mathe-
matically speaking, the general Riemann solution for a cell problem includes
all d waves. However, in applications, Roe noticed that the cell Riemann
problems typically have a large jump at most in one wave family. This
greatly ease the problem and motivates the Roe linearization.

Let us consider a shock Wave for the p-th family connecting the states
Qm-1 and @Q,,. This means ||w +1/2\| = O(Ax) for all other j # p. For
other types of waves, we shall make a discussion later on. To capture pre-

cisely this shock, the linearized system should admit the eigenvector wfﬁll /2
(p)

with eigenvalue s~ /2 Together with the Rankine-Hugoniot condition, we
obtain that

Ap1/2@Qm = Qm1) =52 | o(Qm = Q1) = F(Qm) = [(Qm-1). (4.30)

It should hold for arbitrary wave family and data that

A~

Am—172(Qm — Qm—1) = f(Qm) — f(Qm-1)- (4.31)

Before the construction of the approximate matrix A,, ; /2, we remark
that the corresponding scheme is conservative. Moreover, this also allows a
consistent numerical flux, as it produces Fm_l/z(Q, Q)=0=f(Q)— f(Q).
Consider the straight-line path parameterized by

q(§) = Qm-1+ (Qm — Qm-1)§, 0<E< L (4.32)

Then f(Qm) — f(Qm—1) can be written as the line integral.

F(@m) ~ F(Qmr) = [/ V£ (al ](Qm—Qm_n. (4.33)

This suggests us to take

1
Aprjp = /0 V. ((€))de. (4.34)

This is usually not easy to compute. Roe introduced a parameter vector
z € R? which is actually a change of variables, and ease the calculation
for integrals. The inverse transform of z(q) is denoted as ¢(z). For z, we
integrate along the path

Z(g) =Zm-1+ (Zm - m—l)& (435)

where Z,, = z2(Q,) and Z,,—1 = 2(Qm—1). Then we get

F(Qu) — £(Qur) = [ / VoS (@ONE| (Zo — Zmr). (4.36)
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Take ¢(z) as the inverse transform of the variables, we have

Qm@mlz[[fvu«z@»d4<2ﬁ ) (437)

Let

R 1 . 1
&wmzévﬁwm@,awmzévgmmm&. (4.38)

Then we have

~

A1y = CA’m—l/QB;ll_l/Q' (4.39)

To better illustrate this procedure, we derive the Roe matrix for the
shallow water equations.

1
he 4+ (hu)y = 0,  (hu)s 4 (hu? + §gh2)w = 0. (4.40)

For the shallow water equations we have

-(4)-(8)

fla) = < o ) = ( « ) (4.42)
h? + 39 ¢*/d" + 39" )’
and
0 1 0 1
Vafle) = = . (443
o/ (4) ( —(*/4")* + 94" 2¢°/¢' ) ( —u®+ gh 2u > (4.43)
As a parameter vector we choose z = h™1/2¢, so that

(2)=( e ) (1.44)

The inverse transform reads

412
q(z) = ( 21,2 ) . (4.45)
We find that .
va-(% 0 (4.46)
and 12
flq(2)) = ( (z2)2 + %9(21)4 ) . (4.47)
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Therefore, the Jacobian matrix is

22 Zl
V.f= < 29(21)3 9,2 ) (4.48)

We now set 2P = ZP |+ (Zh, — ZP )¢, for p=1,2. By direct integration,
we get

1
1 _
| o= 5z =2, (4.49)
0
and
1 (21)4_(21 1)4
(Zl 5) gdf — m m—
/0 ©) Az} — Z}n_l)
G+ 2y ) (2 (Zh,0)° (4.50)
= 5 .
= _Tln - h,
where ,
h= 5 (1 + hun). (4.51)
Hence we obtain
A 27 0 R 72 71
Bm-172 = < VAR A )’ Cm-1/2 = ( 297'h 272 > (4.52)
So we get
Am_l/Q = 72 701 2 7 *21 ~1
—(Z22)ZY2 4+ gh 27%)Z
0 1 (4.53)
N ( —(@)% + gh 24 )
Here u is the Roe average
~ 22 hi{zlum—l + h}r{Qum (4 54)
U= == )
2 W2 4

The resulted Roe matrix is analogous to the Jacobian matrix to the
original shallow water equations. We remark that the linearized problem
has a linear Jacobian matrix, which varies from cell problem to cell problem,
as it is determined by Q,,—1 and Q.

Moreover, the eigen-structure is also similar to the nonlinear problem.
In fact, we have eigenvalues

~

M=a—¢ N=a+e¢ (4.55)
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and eigen-vectors

731:<A1A>’7a2:<A1A> (4.56)
uU—cC U+ C.

Here the sound speed ¢ = (gl_"L)l/Q. We find a decomposition for AQ,,_1/2 =

Ah
< Am > as follows.

Q= Qmo1 = a71n71/2f’1 + O‘Enfl/ﬂq? = wrlnfl/Q + w12nfl/2' (4.57)

The coefficients are

(4 +¢)Ah — Am

a:n71/2 = 20 ) (4.58)
— (i — &)Ah+ Am

047271—1/2 = )26 . (4.59)

Same as for the linear system, the Roe linearized problem yields a numerical
flux

Fm—l/? = f(Qm—l) + ‘217; 1/2(Q - Qm—l)
= f(Qm) — m 1/2(Qm Qm-—1) (4.60)

= S @n1) + F(Qu)) ~ A1l (@ — Q).

The finite volume scheme reads

k
Qut =Qr - (m+1/2 Fr_1/2)

=Qm — E{[i( (Qm) + f(Qm+1)) — ’Am+1/2|(Qm+1 Qm)]
~ U @m) + F(@n1) = 512l @~ Qo))
= O (@)~ T Q@)

k . .
+ ﬁﬂAmH/z\(QmH = Qm) = [Am—1/21(Q@m — Qm-1)].
(4.61)

The last term is a numerical viscosity term ~ |A|(Qm+1 —2Qm + Qm—1).
Now we consider the application of the Roe solver to the nonlinear
problem. Under the assumption of one wave per cell problem, the Roe
linearization actually gives a correct flux if the Rankine-Hugoniot relation
holds. That means, it is correct for a shock or a contact discontinuity.
For a rarefaction wave, we need a careful exploration. Suppose the
cell problem is solved by a rarefaction wave of the p-th family. If the
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rarefaction wave is purely left-going, that is, A\y(Qm-1) < Ap(@m) < 0,
then A;;il/Q = 0 and the numerical flux F,,_;/5 = f(Qm) — A;,l/Q(Qm —
Qm-1) = f(Qm). So, the linearized system produces the correct flux. Simi-

larly, if 0 < A\p(@Qm—1) < A\p(Qm), then A;I_l/Q = 0 and the numerical flux

Fr12 = f(Qm-1) + A;_l/z(Qm — Qm-1) = f(Qm-1). It is again correct.

However, if we have a transonic rarefaction, namely, A\,(Qm—1) < 0 <
Ap(@m), the exact solution is a stagnation state Q* that makes AP(Q*) = 0.
But with the linearized problem, we have f(Qn,) — f(Qm-1) = s(Qm —
Qm-1), with which the intermediate state is @, if s < 0, and @Qp,—1 if
s> 0.

Another aspect to see the difficulty is from the point of view of the
numerical viscosity. In a transonic case, A, ~ 0 which makes |A|(gmni1 —
2¢m + Gm—1) a too small viscosity.

E. Harten suggested the following entropy fix. In the previous updat-

d
ing formula, we replace ‘Am_1/2‘(Qm — Qm-1) = Z\Am_l/z\wgllﬂ =
p=1
d d
S, by Y ds(A)w) |, with
p=1 p=1

AL, if [A] >4,
\) — 4.62
95(A) { Al A <6 (4.62)

Here ¢ is a small positive parameter. In other equivalent forms of the nu-
merical flux, one may replace AT by

AT =
At =

4.4 High Resolution Methods

(A= ds(\).
Ot G0, (4.63)

DO

In the Godunov method, one makes reconstruction of data at each ¢ by
piecewise constants. This results in the first order of accuracy. To improve
the accuracy order, we consider better reconstructions.

4.4.1 Limiters for the Linear Advection Equation

We consider a linear reconstruction for a scalar variable.
q(z,t") = g + oz —2), € [$m71/2, $m+1/2]- (4.64)

Noticing that this preserves the cell average g,,, we are free to choose the
slope o,,.
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For the linear advection equation
gt + cqz =0, (c > 0), (4.65)
by straight-forward computations, we find that

k(1 ek (, ek
dm = h (Qm—l + 2(h Ck)o'm—l> + <1 h ) (Qm 9 Om

ck ck
= an = 3 (Gn = dm-1) = 55 (h = ck)(om = o). (4.66)

This corresponds to a numerical flux
c
Fm71/2 = Cqm-1+ §(h — Ck)O'm_l. (4.67)

There are various ways to define the slope 0,,. When the nearest neigh-
boring cells are taken into account, one may adopt either of the following
choices.

Lax-Wendroff: o, = w,
Beam-Waming : o0, = %,
Am+1 — gm—1
F : = —
romm : oy, 5

We make some further discussions on the Lax-Wendroff scheme. With
the above choice, the scheme reads

ck ck ck
At = gm = = (@m — @m-1) — 57 (1= =) (@m41 — 2¢m + Gm-1).  (4.68)
h 2h h
Under the CFL condition, an interpretation for the Lax-Wendroff scheme
is that it introduces anti-dissipation to the upwind scheme. The upwind
scheme possesses too strong viscosity.

In the mean time, we may rewrite the scheme as

il ck k2
9n = 4m — ﬁ(Qm—‘rl - Qm—1> + W(Qm—‘rl - 2Qm + Qm—l)- (469)

The Lax-Wendroff scheme therefore may also be viewed as the centered
difference scheme with additional viscosity. In fact, the more natural way to
derive this scheme is by Taylor expansion, not the linear reconstruction. We
remark that the Taylor expansion derivation is from a finite difference point
of view, whereas the linear reconstruction is from a finite volume point of
view.

We start with the central difference scheme.

;LnJrl — Qdm + CQm—I—l — gm-—1
k 2h

—0. (4.70)
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The temporal term may be expanded as ¢; + %k‘qtt + O(k?). The spatial
term is ¢(q, + thI%) + o(h?). Therefore, as k ~ h in the computations,
the order of accuracy is lowered due to the temporal term. From the linear
advection equation, we know that g = c?qu,. Therefore, we include an
additional term to correct %kqtt = %Ckaqm. That is, we design (4.69).

Though the Lax-Wendroff method has second order accuracy, there
are also some disadvantages. If a numerical solution takes speed « for a
sinusoidal wave ¢™“?, then a wave package ¢“““p(z) with long wave envelop
p(x) propagates at group velocity smaller than «. This causes phase error.
A more severe problem for the Lax-Wendroff scheme is overshooting. It is
not a TVD (total-variation-diminishing) scheme.

The three above choices for slope are linear, one may also take nonlinear
ones. The motivation for developing nonlinear slopes comes from the com-
promise between accuracy and stability. To maintain the stability, upwind
or Godunov type of schemes are more appealing, as they produce stable
numerical results, particularly the entropic shock waves. However, they are
only of first order accuracy. The Lax-Wendroff type of schemes are of high
accuracy order. The idea is then to blend these two types of schemes. More
precisely, in the region where the solution is smooth, we adopt the Lax-
Wendroff flux. On the other hand, in the region where the solution likely
has discontinuity, we use the upwind flux. In another word, we introduce a
switch that turns on and off according to the solution profile. The solution
profile is actually identified by discrete gradient. When this is done, we call
a scheme is high resolution method, noticing the difference from the high
order of accuracy.

We may realize the idea of switch by adopting a minmod limiter. In the
reconstruction of data, the three above choices do not make much difference
in a smooth region. On the other hand, near a sharp gradient, it is appealing
to use the information from a more smooth neighboring cell to form a linear
profile in a cell. This leads to

om = minmod dm — Qm—17 Am+1 — dm 7 (4.71)
h h
where the function

a, ab > 0 and |a| < |b],
minmod(a,b) = ¢ b, ab > 0 and |a| > [b], (4.72)
0, ab < 0.

One may use an MC (monotonized center-difference) limiter as well.

dm+1 — dm—-1 9m — dm—-1 Gm+1 — Qm>

5 ) N ) 3 (4.73)

O, = minmod (

With these nonlinear slope limiters, the reconstructed data becomes
smoother and preserves monotonicity.



4.4. HIGH RESOLUTION METHODS 81

The numerical flux formulation is determined for a given slope limiter.
Consider the linear advection equation for both ¢ > 0 and ¢ < 0, we may
find the flux function with linear reconstruction.

CGm—1 + %(h - Ck)Um_l, c>0,

Fon12= { cm — E(h — ck)om, c<O. (4.74)
With Agp_1/2 = gm — @m-1, we rewrite the flux function as
_ n |c| ck
Fm—l/2 =C gm+C' gm-1+ D) 1— n 5m—1/2- (4.75)
where
5 hom—1, c>0,
m71/2 ham, c < 07
= (b(em—l/Q)AQm—l/Za (476)
Agr-1/2 m—1, c>0,
Om—1/2 = m, = { m+1,  c<0. (4.77)

We call ¢(f) a flux limiter. Same as the slope limiter, the flux limiter
also has many different choices, both linear and nonlinear.
Linear flux limiters include

upwind: ¢(f) = 0, (4.78)
Lax-Wendroff: ¢(0) = 1, (4.79)
Beam-Warming: ¢() = 6, (4.80)
140
Fromm: ¢(0) = —5 (4.81)
Nonlinear flux limiters include
minmod: ¢(f) = minmod(1,¥§), (4.82)

MC: ¢(#) = max (O,min <1;0,2,29>>. (4.83)

To select a flux limiter, we usually require it to be TVD. The following
Harten’s theorem gives a sufficient condition.
Theorem 4.1. (Harten) A scheme

@t = gm — Con—1(gm — Gm-1) + D (Gm+1 — Gm), (4.84)

is TVD, if
Cn>0, Dy>0 CuntDy<1, Ym. (4.85)
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Proof. From the scheme, we have

qrﬁill - ‘I?n+1 =(1 = Cwm — D) (@m+1 — gm)

(4.86)
+ Dm+1(Qm+2 - Qm—l—l) + Cm—l(Qm - Qm—l)‘
Then the total variation may be estimated as follows.
1 n n n
ETV(Q )= Z ‘qmill — gt
m
< Z(l —Cp — Dm)|‘]m+1 - Qm|
+ Dm+1|Qm+2 - Qm+1| + C’mfl|Qm - mell (4'87)
- Z[(l — Cm — D) + G + Din]ldm+1 — g
1
=TV (q").
LTV (d")
O
Consider ¢ > 0, and let v = ck/h. The scheme is
ant =gm — V(@m — gm-1)—
1 =7 (4.88)
(2)[¢<9m+1/2)(%n+1 — Gm) — ¢(0m71/2)(Qm — Gm-1)].

Under this circumstance, we have

y(1—7) [¢(9m+1/2)

Crm—1 =7+

2 - ¢(0m—1/2):| ) D;Lw =0. (489)

6m+1/2

According to the Harten’s theorem, we take 0 < Cp,_1 < 1. Due to the CFL
condition 0 <y < 1, it becomes

0
‘qbgﬂ — gb(@g)' < 2. (4.90)
1
It is then enough to have
0< ¢(09) < minmod <2, Z) . (4.91)

This region for ¢(#) is called the TVD region, see Figure 4.1. The
upwind scheme ¢(f) = 0 lies in this region. The Lax-Wendroff scheme,
the Beam-Warming scheme, and the Fromm’s scheme are not completely
contained in this region, therefore not TVD. The minmod limiter lies in the
TVD region. We further remark that Sweby suggested that the flux limiter
should be a convex combination of ¢(f) = 1 and ¢(6) = 0.
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Figure 4.1: TVD choices for flux limiters.

4.5 Limiters for Systems

Similar to the scalar equations, a piecewise linear reconstruction with down-
wind slope for a linear system leads to the Lax-Wendroff scheme.
Consider a linear system

¢+ Aqe =0, qeR% (4.92)

The Lax-Wendroff scheme reads

n+1 k L[k ’ 2
Q' = Qm — ﬁA (Qm+1 — Qm-1) + 3 () A% Qg1 — 2Qm + Q1) -

h
(4.93)
The numerical flux function is
1 k
Fo12= 514 (Qm +Qm-1) — ﬁAQ (Qm — Qm-1) - (4.94)

The flux function can be decomposed into two parts, i.e., the flux func-
tion of upwind scheme (low order), and a high order correction.

k

2
k

= A7 Qu A Qs + 141 (1= 1141 (@~ Q).

Frcrj2 = 54 Qi+ Q1) — o A (@ — Q)

(4.95)

The first term is the upwind flux function, and the second one the high order
correction.

The general form for a high resolution method using a flux limiter
¢m—1/2 may be expressed as follows.

Fm71/2 = FL(Qm—ly QW’L) + Pm—1/2 [FH(Qm—LQm) - FL(Qm—la Qm)] . (496)

Here F7, represents flux function with low order of accuracy, and Fp is the
flux function with high accuracy. In a smooth region, essentially we have
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Ym—1/2 =~ 1, and hence F),,_y/ =~ Fy. In a region with sharp numerical
gradient, we have ¢, 1/5 ~ 0, which leads to F" | o Fr.

To develop flux limiters for the linear system, we diagonalize the Ja-
cobian matrix by R = (r(l),~-- @D to get RTAR = A. Here A =
diag(A1,- - ,Ag). The new variable § = R”q satisfies the decoupled linear
equation.

G + Ady = 0. (4.97)

For ¢, the flux function is

. . . 1 k -
F:@—I/Q =A Qm + A+Qm—1 + §|A| <1 - h‘A> (Z) (Qm—1/2) A62771—1/2'
(4.98)

Here the p-th entry of the vector AQm,l/z = Qm — Qm_1 = RTAQm,l/Z

is 6‘7(5)—1 /2 The limiter ¢ (Gm_l /2) denotes a diagonal matrix, composed by

&) &)

slope limiters ¢ ~(Ip;1/2 . We let 047(5),1/2 = 5‘1(5)71/2¢ ~(;;1/2
am—l/? am—1/2

Then back to the original variable ¢, the flux function is
Fr1y2 = RE,, 1)

_ 1 k ~
=A"Qm + A+Qm—1 + iR‘A‘ (1 - ]’L’A’> ¢ (em—l/Q) AQm—l/?

1 k :
_p- + - R
=A"Qn+ATQp_1+ QR\A\ (1 h]A]) ®)

Qn—1/2°

d
) 1 k
= A Qp + ATQu1 + 3 Z IAp| <1 - h|)\p|> af}?_lmr(?)

p=1
1< k
= A Qn+ A" Qmo1 + 5 Sl (1 - h|/\p|> wfs)_m.
p=1
(4.99)
Here the wave decomposition for AQ,,_1/; gives wgll 2= 04,(5),1 /27‘(1’).
Next, we consider a nonlinear system
@+ f(q)z = 0. (4.100)

For each cell problem, we define Am_l s2 by Roe linearization. We then
apply the limiters for the approximate linear equations.

G+ A2 = 0. (4.101)
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We decompose the flux difference into left-going and right-going waves. That
is,

f(Qm) - f(Qm—l) - Am—l/QAQm—l/Z

= A;n—l/zAQm—l/Q + A:rn—1/2AQm—1/2' (4102)
The first order upwind scheme reads
Qi = Q= (A AQurp + ATDQu 1), (4103)
A" BQus1y2 = Y (81 2) W o (4.104)
P
ATAQu 12 = (50 ) wl) . (4.105)
P

We include further a correction term to obtain a high resolution scheme.

. k,  _ ke c
Qi = Qum — 57 (ATAQm 1y + ATAQm172) — 7 Frntrje = Faiya)-
(4.106)
Here we take the correction
m—1/2 = Z |5m 1/2| (1- 7|Sm 1/2|) m— 1/2 (4.107)
Here sis)_l /o May be chosen as the p-th eigenvalue obtained from the Roe

linearization, possibly with an entropy fix to capture the correct rarefaction.
(p)

The wave limiter w, is computed in the following way. First, from

~(p) _
m—1/2

~1/2
the decomposition of AQ),,_1/2 we obtain the p-th component w

~(p) (p)

Q19T m—1)2" Next, we compute

~(p) ~(p)

NN SR (4.108)
m=1/2 = _(p) =) '
Wy—1/2 " Win—1/2
Then we define
wg)_ e = &7(7;;11/27“@)@(95:)_1/2), (4.109)

4.6 Some Other Approaches: Relaxation Method
and the Glimm Scheme

During the development of numerical algorithms for hyperbolic conservation
laws, there are some other approaches besides the eventually dominant finite
volume method with Roe linearization and flux limiter. Here we briefly
describe two of them, the relaxation method and the Glimm scheme.
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4.6.1 Relaxation Method

We illustrate the method with a scalar equation
ut + f(u)y = 0. (4.110)

Consider a system with a small parameter ¢ > 0, and a artificial wave
speed .

{ u + vy =0, (4.111)

of + A2 = L(F(u) — o).
When ¢ — 0, we expect that the source term in the second equation
should not be singular, hence f(uf) — v — 0. Substituting this into the first
equation, we recover the original equation.
This may be explained by a formal theory of Chapman-Enskog expan-
sion.

= uf + f(u)y — € (f(u)s + NPug), + O(?)

=u;+ f(u)y —€ (f’(ue)ug + /\Qui)x + O(€?) (4.112)
=uf + f(u)e — € (f (u)(—v5) + Nus)  + O(e?)

= ug + f(u)z — € (f (u) (= f(u)2) + Nug) , + O(€)

= ug + f(u)e — e [(N = f/(u)?) us], +O().

From this expansion, we observed that under a subcharacteristic con-
dition A > |f/(u)|, the relaxation method yields a viscous term on the order
of e. As a matter of fact, this is a over simplified version for the derivation
of the macroscopic Euler equations or the Navier-Stokes equations from the
microscopic Boltzmann equation.

To solve this model numerically, we adopt the splitting technique. That
is, for a cell problem, we first compute a wave propagation step

us + 05 = 0,
5+ NS =0

u(z, t") =y, 0(x,t") = o,

(4.113)

We obtain u¢(x, "), 7¢(x,#"T!). Then we make a relaxation step

@ =0,
e o 4.114
{w=i0@)—v% (4.114)
@z, ") = 0z, Y, 0 (a, #7) = 5 (@, 7).

Then we define

u(z, t") = a(z, "), o(x, ") = o¢(z, ). (4.115)
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In the second step, € — 0 leads to a set of stiff ordinary differential equations.
Due to the special structure, it can be exactly solved. That is,

a(z,t) = u(x, t" ), (4.116)

and

o (x,t) = (1 — e ) f(a€) + e Vo (7). (4.117)

In particular, we may even take ¢ — 0% in this step to get v¢(x, ") —
f(a(x,t™)). This leads to a relaxed scheme. Notice that the relaxed scheme
still possesses viscosity due to the splitting.

4.6.2 Glimm Scheme

Consider again the scalar equation as an example with f”(u) > 0. We use a
staggered grid to solve the problem. Suppose that we start with a uniformly
distributed grid points z,,. We regard [z,,—1, Tp,+1] with odd m as a cell, and
the initial data is a constant in this cell. With a time step size k that satisfies
the stability condition, we have the exact Riemann solution u(z,t) (t €
[t9,¢1)) for each pair of neighboring cells. Moreover, the waves are confined
within [z, Tp42] for the cell pair [Xm,—1, Zpmy1] and [Tp41, Timys]. Choose
a random number ay € [0,1]. We set v, = Ty + 2a1h € [T, T2 for
each odd m. We further let u(z,t!) = u(ym,t°) for x € [z, Tmyo] with
odd m. This forms a piecewise constant data at ¢!, and the cell for this
layer is [Zy—1, Zm+1] with even m. Taking the same procedure with another
random number ay € [0, 1], we may solve for the time step [t!,#?]. Noticing
that actually the solution u is bounded by the initial data, the time step size
may be chosen as a uniform one. Therefore, we may repeat the procedure
and obtain a numerical solution.

This random choice of data produces a convergent numerical solution.
The scheme is introduced by J. Glimm. Proposed as a numerical scheme,
this method is not popular for numerical computations. However, it is im-
portant for proving the existence of solution to hyperbolic conservation laws.
Actually it gave one of the first general proof. Furthermore, partly based on
this idea, A. Bressan developed one of the most general theory for nonlinear
hyperbolic systems.

4.7 Multidimensional Hyperbolic Problems

Most important applications require numerical computations in multiple di-
mensions. Fortunately and unfortunately, the theory for multidimensional
hyperbolic problems is not complete. This brings challenges as well as op-
portunities to numerical studies.
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4.7.1 Hyperbolicity

We start with a definition of hyperbolic problem in two space dimensions.
It may be readily generalized to multiple dimensions.

Definition 4.1. The system g + f(q)= + 9(q)y = 0 is strongly hyperbolic
if Vi, the Jacobian matriz (V,f(q),Vqeg(q)) - 7t is diagnalizable with real
etgenvalues. That is, the system is hyperbolic in every direction.

The p-system in two space dimensions is hyperbolic.

pt + (pu)z + (pv)y =0,
(pu)e + (pu® +p)a + (puv), =0, (4.118)
(pv)e + (puv)z + (pv* + p)y, = 0.

In any direction 77, we have
Oplu-m) _

This reflects the fact that the physical laws of conservation are coordinate
independent.
The directional version of p-system leads to

p pu ¢
g=|pu], fl@)=|p’+p|= (q2)2/2q13+f9(q1) ,
pv puv ¢ /q
5 (4.120)
9(q) = *¢*/q
(@®)?/q" +p(a")
The Jacobian matrices are
0 1 0 0 0 1
Vof(g) = |—u*+p(p) 2u 0|, Voglg)=| —wv v w
—uv voowu —v2+p(p) 0 2v
(4.121)
Then we obtain the Jacobian matrix along 7 is
(Vo f(a), Vag(q)) -7t
, Y M my (4.122)
= | na(—u®+p(p)) —nyuv 2ung + vny UMy
—nzuv + ny(—v? +p (p)) VN ung + 2uny

It has three distinct eigenvalues, un, + vn, £ co, un; + vn,, where cp =

/P (po) is the sound speed.
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4.7.2 Numerical Methods

A most straightforward way to solve a multidimensional problem is by
dimension splitting. That is, for one step computation of the equation
¢t + f(@)z + 9(¢)y = 0, we perform two sub-steps.

{ qt + f(q)x = 0 ZC—SWGGp, (4123)
gt +9(q)y =0 y-sweep.

More precisely, we take

k

Omj = mj — E( mt1/25 ~ Fm—1/25)> (4.124)
k
q%l - qr*nj o E(G;%j-&-l/? - G;@J‘_l/g)' (4.125)

One may adopt the Strang splitting to reach second order splitting accuracy.

n k n n
Umj = Gy — ﬁ(Fm—i—l/Zj - Fm—l/?,j)’ (4.126)
N k
Uj = Gmj — E(G;mﬂm - G;Lj—l/Q)v (4.127)
k

1
Gy = Gy — 53 Foryog = Fnlvyag)- (4.128)

There is a second approach. Consider a semi-discrete system

d 1
EQmj(t) =—- E(Fm+1/2,j(Q) - Fmﬂ/Z,j(Q))
1 (4.129)

- Ky(Gm,j+l/2(Q) - Gm,j—1/2(Q>)-

This is then solved by the Runge-Kutta method.

A third approach starts with the finite volume methodology. It is a
fully discrete flux difference method. First, we have the exact formula after
integration by parts.

/[ ) S om0

Yit+1/2 Yj+1/2
— " tatanep = [ o)y 130

Yj—1/2 Yj—1/2
Tm+1/2 Tm+1/2
[ gty aptde = [ glatwg00 1)
Tm—1/2 xm—l/Q

Finite volume scheme reads

qmi;]' — ng - E( m+1/2,j - m—1/27j) - E(Gm7j+1/2 - m,j—l/?)’ (4131)
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with numerical fluxes

tn+1

n 1 Yj+1/2
Fo1/25 % kh/ / fla(@m—1/2,y,t))dydt, (4.132)
Y Jin Yj—1/2
et Tm+1/2
G ji- 127 kho /t 9(q(w,yj_1/2,t))dxdt. (4.133)
Tm—1/2

The design of numerical fluxes is similar to that in one dimension.

Assignments

1. Perform the von Neumann analysis to the Lax-Friedrichs scheme to
study its stability.

2. Find the modified equation for the Lax-Friedrichs scheme to study its
stability.

3. Perform numerical experiments with the schemes (3.17) and (3.20),
respectively for initial data

2, <0,
u(z,0) = { L >0 (4.134)

Compare the numerical results. Also compare the numerical results
for initial data

1, <0,
u(x,0) = { 5 350 (4.135)

4. Prove the Jensen’s inequality

V@z0=u [ @i <) [ a@@)e @130

Construct an example to show the inequality does not hold if " (¢) > 0
does not hold.

5. Consider a scheme for the linear advection equation

it = Za] ul . (4.137)

Show that if ; > 0 (Vj), then this scheme is at most of the first order
accuracy except for the special case of u%! = uy _; with ck = [h.

6. Prove
AQp1/2 = AQm — Z)\p w? |y (4.138)
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10.

Compute with the Roe linearization for the inviscid Burgers’ equation

2 i e -1, =<0,
ug + (%), = 0, with initial data u(z,0) = { 5 w0

the results with and without the Harten’s entropy fix.

Compare

Derive and compute with the Roe linearization for the polytropic Euler
equations, with an initial data (p,u)(z,0) = (1, exp(—25x2)).

For the shallow water equations, derive the numerical flux with min-
mod limiter.

Compute for the shallow water equations with initial data

(hyu)(,0) = { (1,2), =<0, (4.139)

(5,0), z>0.
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Chapter 5

Introduction to Finite
Element Method

5.1 Sobolev Spaces

As we have learned for the hyperbolic equations, classical solutions may not
exist in general. This holds true for another type of equations, namely, el-
liptic partial differential equations. To investigate this type of equations,
the most appropriate space of functions falls in to the category of Sobolev s-
paces. We shall confine ourselves to a special sub-category of spaces, namely,
the Hilbert spaces.

We consider 2 € R™ a bounded open set with piecewise smooth bound-
ary. Moreover, a cone condition is assumed in most applications to elliptic
partial differential equations. That is, at any point of 0f), a cone with
positive inner angle is locally contained within €.

A Hilbert space is a complete space with inner product. Depending on
the inner product defined, we have a sequence of Hilbert spaces for functions.

We start with H°(€2), which is actually Ly(2). We define an inner
product

(u,v)oz/gu(x)v(x)dx. (5.1)

This leads to an L? norm | u [lo= /(u,u)o = [, u(z)*dz. The L*(Q)
is the collection of all functions with finite L?-norm.

We notice that a function in L?(2) may not be differentiable in general.
So, we define a weak derivative instead. For this purpose, we define C*°(2)
the smooth function space, and C3°(€2) the subspace with each element
taking a compact support. Because €2 is open, and a compact set in R
must be bounded closed, we know that a function in C5°(€2) must vanish at
boundary.

For u € L?, we define its weak derivative v = 0% € L?, where « is a

93
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multiple index, if
(6:v)0 = (=1)*(0¢, u)o, (5:2)

Vo € C3°(£2). We further define an inner product and corresponding norm
as follows.

(U, V) :/Q Z (0%, 0%)dz, || u||lm= v/ (u, w)m. (5.3)

lor|<m

A semi-norm may be defined by

ulm = [ D 1l 0w [l3. (5.4)
|a)|=m

The Hilbert space is defined as H™(Q) = {u € L(Q)| || w ||m< +o0}.
The completeness may be verified easily. It is possible to show that C*°(Q2)N
H™(Q) is dense in H™(Q2), and H™(S2) is the completion of C*°(Q)NH™(£2)
under the H™ norm.

In a similar way, we define HJ"(€2) the completion of C§°(2). There are
two sequences of inclusion.

Ly(Q) = H°(Q) > HY(Q) D H*(Q) D ---, (5.5)

HY(Q) D H}(Q) D HZ(Q) D ---. (5.6)

In particular, norm and the seminorm ||, are equivalent in Hj"(Q2) by
the following result based on the Poincare-Friedrichs inequality.

Wl <l 0 S (14 8)™ ol Yo € HE(Q). (5.7)

Here we assume that () is contained in a cube with side with length s.

A key fact in Sobolev spaces is the compact imbedding. For m > 0
and € a Lipschitiz domain with cone condition, H™*(Q) < H™(Q) is a
compact imbedding, namely, a subset which is bounded in H™*! is relatively
compact in H™. The compact imbedding facilitates theoretical studies of
elliptic and parabolic partial differential equations, such as the existence and
regularity of the solutions.

5.2 Variational Formulation of Second-order Ellip-

tic Equations

A simple example of elliptic partial differential equation is the Laplace e-
quation

AU = Ugy +uyy =0, (z,y) € Q. (5.8)
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Notice that a certain boundary condition is necessary.
More generally, we may consider an elliptic operator

d
Lu:= Z @ik () Uz, 5 (5.9)
i k=1
where the coefficient square matrix {a;;} is positive definite. Moreover, if
Ja > 0,Vx € €, it holds that min A > «, we call L uniformly elliptic. For
such an operator, some features are as follows.
e Minimum principle.
If Lu = f <0, then u attains its minimum on 0f2.

e Comparison principle. B
If two classical solutions u,v € C%(Q) N CY(Q) satisfy Lu < Lv in ,
and u > v on 9€), then it holds that « > v in Q.

e Continuous dependency on the boundary data.
For two solutions of Lu; = f (i = 1,2) with different boundary data,
it holds that sup |ui () — ua(z)| = sup |ui(z) — ua(2)|.
z€Q 2€00

e Continuous dependency on the righthand side.
Vu € C?() N (), it holds that |u(z)| < sup |u(z)| + C sup | Lu(z)|.
o0 o0

e Elliptic operator with Helmholtz term.

For operator Lu := — ) a;x(2) Uz, + c(z)u with ¢(x) > 0, if Lu <0,
then sup u(z) < max{0,supu(z)}
€N o0N

e Elliptic operator in divergence form.
For operator Lu = — Z@i(aikﬁku) + apu, with (a;),ao(x) > 0, we
ik
may take an associated bilinear form as follows.

a(u,v) = /Q(Z a;kO;udkv + apuv)dz. (5.10)
i,k

As a classical solution does not exist in general, we consider a weak
solution instead.

Definition 5.1. u € H}(Q) is a weak solution of Lu = f in Q and u = 0
on 0Q) if
a(u,v) = (f,v)o, Vv € H3(Q). (5.11)

The finite element method starts with transforming the partial differen-
tial equation into a minimization problem. We have the following theorem
that relates an equation with a minimization for a bilinear form. In a sense,
it is similar to the Fermat’s theorem in calculus, which states that an ex-
tremum point must be a critical point.
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Theorem 5.1. (Characterization theorem) Let V be a linear space, a :
V xV — R be a symmetric positive bilinear form, andl : V — R be a
linear functional denoted as (l,v) = l(v). Then

1
J(v) = ia(v,v)— <l,v> (5.12)
attains its minimum over V at u if and only if
a(u,v) =<l,v >Yv eV. (5.13)

Moreover, there is at most one solution.

Proof. Take u,v € V,t € R, we compute

1
J(u+tv) = §a(u—|—tv,u+tv)— <lLu+tv>

. (5.14)
= J(u) + tla(u,v)— < l,v >] + §t2a(v,v).
On one hand, if a(u,v) =< l,v >,Vv € V, then we have
1
J(u+v)=J(u)+ §t2a(v,v) > J(u), Vv € Vand v # 0. (5.15)

On the other hand, if J has a minimum at u, then Vv, we consider the
function t — J(u + tv). By the Fermat’s theorem we have

d

aJ(u+tv)|t:0 = a(u,v)— < l,v >=0. (5.16)
Finally, we prove the uniqueness. If two solutions satisfy a(u,v) =<

l,v >= a(ug,v), then J(u1) and J(uz) are both minimum. So J(uj + (ug —

u1)) > J(up) leads to a contradiction. O

The theorem implies that every classical solution of the boundary values
problem

= Z Oi(airOku) + agu = f, inQ,
ik (5.17)
u =0, on 012,

is a solution of the variational problem v € C?(Q) N C%(Q) with v|gq = 0.

1 1 ,
J(v) = /Q [2 Z ;5 0; V0LV + §a0U2 — fv| dz — min!. (5.18)

The following Lax-Milgram theorem is key to the understanding of el-
liptic partial differential equations.
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Theorem 5.2. (Laz-Milgram) Let V be a closed convex set in a Hilbert
space H, and a : H x H — R be an elliptic bilinear form. Then VI € H'
(dual space of H ), the variational problem

1
J(v) = §a(v,v)— < l,v >— min! (5.19)

has a unique solution in V.

Proof. We claim that J is bounded from below. As a matter of fact, due to
the ellipticity and the definition of dual space, we have

1 2 1 o LA G R
> = — ||t = — =\t - > — )
Tw) > gallv 2=l vl= gl ol — 11y -1 > L
(5.20)
Therefore, there exists inf J(v) = C;. Let (v,) be a minimizing sequence.

We derive

o || vp —vm ||? < alvy — Vs Un — V)
= 2a(vp, Up) + 2a(Vm, Vm) — a(Vy, + U, Up + Upy)
5.21
— 47 (vp) + 4T (o) — 8J(””+T”m) (5:21)

< 4J(vy) + 4J(v) — 8C1.

Here we have made usage of the convexity of V' to derive that ”"Jr% eV.
The above term tends to 0 as n, m — co. Now combining the facts that (vy,)
is A Cauchy sequence, H is complete, and V is closed, we conclude that

u= lim v, € V. (5.22)

n—o0

Furthermore, as J is continuous, J(u) = lim J(v,) = C; = inf J(v).
n—00 veV
Next, we prove the uniqueness. To this end, assuming that u;,us are
both solutions, we may construct a sequence (ui,ug, ui,ug,---). It is obvi-
ously a minimizing sequence. It then must be a Cauchy sequence, and hence
U = Us. ]

We remark that the difference between the characterization theorem
and the Lax-Milgram lies in the difference of the space. In the previous one,
the whole Hilbert space is adopted. On the other hand, the Lax-Milgram
theorem uses only a convex closed subset.

Theorem 5.3. (Existence) Let L be a second order uniformly elliptic oper-
ator, with ag, a;j € Loo(2),a0 > 0, f € La(Q?). The boundary value problem

Lu=f, inQ,
{ u=0, onodf, (5.23)
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admits a weak solution in H}(Q). It is a minimum of the variational problem

%a(v,v) — (f,v)o — min! over HJ(Q). (5.24)

Proof. 1t is possible to show that

Z/aikaiuakvdx < C’Z/|8iu8kv|dx < Cluly|vlr. (5.25)
i,k ik

Furthermore, we have

‘/ apuvdx

a(u,v) < C | ufu] v | - (5.27)

< Clullollvllo- (5.26)

These lead to

For any v € C, it holds that
Z a;,0; V0LV > Z(@iv)Q. (5.28)
Therefore, for any v € H', it holds that
a(v,v) > alv|}. (5.29)
From the Poincare-Friedrichs inequality, we know that
[wlr ~[[ v - (5.30)
Combining (5.27)-(5.30), we find that a is an elliptic bilinear form on H{ ().
Noticing that f € L? ¢ H’', we conclude the existence and uniqueness of the

weak solution from the Lax-Milgram theorem. O

We remark that the above results may be extended to non-homogeneous
Dirichlet boundary value problem. Consider

Lu=f, in (),
{ u=g, ondf. (5-31)

We assume Jug, such that Lug exists, and ug|go = g. Now let w = u — uy,
then w solves a homogeneous boundary value problem

{ Lw=f—Lug = fi, inQ, (5.32)

w =0, on 0f).
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5.3 Neumann Boundary Value Problem

Suppose that v = (v;) is the out-normal on the boundary I' = 99Q. The
Neumann boundary value problem refers to the following setting.

{ Lu=f, in Q,

> ik ViaikOgu =g, onT. (5.33)

It is obvious that the solution is not in H}(Q) in general. In fact, if u is
a solution, so is u + C with C a constant. The suitable function space is
H(Q).

Ellipticity in H(£2) requires a; > o« > 0 and ag > « in Q. Conse-
quently, we see Yo € H(Q),

a(v,v) = / {Z aipOudpv + agv? | dz > alv)? +a || v [P=a | v |3 .
Q

(5.34)
Using a certain trace theorem, it may be proved that < [,v >= fQ fodx+
Jr gvds defines a bounded linear functional with f,g € Lao(I'). Again, the
boundary value problem may be transformed to a variational problem.

Theorem 5.4. Suppose that 2 is a bounded domain with piecewise smooth
boundary, and satisfying the cone condition, then the variational problem

La(v.0) ~ (0o — (g.0)or - min (5.35)

has a unique solution u € H*(QY). Moreover,u € C%*(2) N CY(Q) if classical
solution exists for

Lu=f, in €,
{ > ik YiaikOgu =g, onT. (5.36)
As an example, the Poisson equation
—Au = f, in Q7
{ % =g, onl, (5.37)

admits a unique solution up to a constant. If we restrict the solution to
V = {v e H(Q), [,vdz = 0}, then uniqueness is obtained. In fact, the
Poincare-Friedrichs inequality implies that a(u,v) = [, Vu - Vudz is elliptic
in V. We remark that a compatibility condition is required due to the Gauss
theorem, namely, [, fdz + [ gds = 0.

We may also consider a mixed boundary value problem.

—Au=0, in§,
u=g, onl'p, (5.38)
% =0, on I'y.

The suitable function space is then W with W = {u € C>®(Q) N
H'(€), u vanishes in a hold of I'p}, which is between H}(Q2) and H(Q).
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5.4 The Ritz-Galerkin Method

In the previous sections, we relate the weak solution in function space H of
a boundary value problem with the minimization of a functional J over H.
A natural idea for approximation by the minimization of J over a subspace
Sy, called a finite element space. Here h is a characteristic length scale of
the grid size. This gives the Ritz method.

Consider

1
J(v) = 5&(1},1})— <l,v>— Héin!. (5.39)

It is easy to know that the solution uy satisfies
a(up,v) =<l,v >,V € S}, (5.40)
Now let {¢1, - ,édn} be a basis of Sj,. We find that
a(un, @) =<l,¢; >, i=1,--- N. (5.41)

If we expand the numerical solution also in terms of the basis up, = Y, 2k¢x,
we find that

> aler, i)z =<1, i > . (5.42)

k
This forms an algebraic system

Az = b, (5.43)

where the stiffness matrix is A = a(¢g, ¢;) and the source term is b; =<
L, gi >.

Because « is elliptic, A is positive definite and therefore the above system
has a unique solution.

2 Az = Z 2 Ak 2k
ik
=a(d_ ztr, »_ zidi) (5.44)
= a(up, up)
> allu |l7, -

We remark that the boundary value determines which function space
V to use. The functional is required to be V-elliptic, that is,

a(v,v) 2 a || v |7 la(u, 0)] < C | wflm] v lm, Yu,v € V. (5.45)

There are other ways to formulate the approximation. For instance,

one may directly do the minimization and obtain
0
821'

J(Z 2 dr) = 0. (5.46)
k
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The distinct feature of the finite element method is the systematic the-
oretical results. For instance, global stability is readily obtained as follows.
In fact, from

ol un %< alunsun) =< Ly > 1 wn s (5.47)
we obtain immediately that
It lm< @™t L] (5.48)

Furthermore, the error bound is also straightforward to prove. This also
implies convergence of the finite element method.

Theorem 5.5. (Cea’s Lemma) Consider a V -elliptic bilinear form a(u,v)
over a certain function space HJ*(2) C V. .C H™(Q2). Let Sy, C V, then

C
— m< — inf — m - 5.49
= < inf o (5.49)
Proof. From
a(u,v) =< l,v >, Yv eV, (5.50)
we know that
a(up,v) =< l,v >, Yv € Sp. (5.51)

This implies the Galerkin orthogonality
a(u — up,v) =0, Yv € Sj. (5.52)
Let vy, € Sy, and take v = vy, — up, € Sp. We find

a |l w—up H%lga(u—uh,u—uh)

=a(u — up,u — vp) + a(u— up, vy — up)

(5.53)
=0
<Cllu—up [lmllv—on lm -
We conclude
c
— m< — inf — m - 5.54
lu—un < o inf vy | (5.54)
O

From the theorem, we notice that the accuracy is up to the approxi-
mation error of u in S. Piecewise polynomials is adopted in general for
U.
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Figure 5.1: Schematic view of triangulation.

5.5 A Simple Example

To explain better the finite element method, we work out explicitly a model
problem. Consider

{ —Au=f, inQ=(0,1)2, (5.55)

u=20 on 0f.
We take the finite element space
S, = {v € C(Q) : v is a linear function in every triangle, v|sq = 0}. (5.56)

The basis function in this space is denoted as {¢;};, where N is the number
of mesh points inside the domain, and ¢;(x;,y;) = d;; at every nodal points
(j,y;). These are tent functions. Consider a nodal point, denoted as C.
Then ¢¢ is nonzero in regions I, [T, IV,VI VII VIII. We refer to its
neighboring vertices as E, W, S, N, NW,SE. It is obvious that a(¢c,-) is
zero except for ¢’s corresponding to these neighboring vertices.

We first compute

aldc,de) = 2 / (Br6c)? + (Dadc)’]dady

I+ITI+1V

2 [ (@woPdsdy+2 [ @)y
I+I1T I+1V

=2h 2 / dzdy + 2n 2 / dzdy
I+111 I1+1IV

=4.

(5.57)
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Next we compute

M%@mz/ Ve - Vodady

1+1V

— [ aj0c0,0xdudy
I1+1V

= / (=h~YHh tdady
I+1V

=—1.

(5.58)

Here we have used the fact that Voo = (=h™!, —h™1) in I, and Vo =
(0,—h~1) in IV; and Voy = (0,h™1) in I, and Voo = (=1, h71) in IV.
By symmetry, a(¢c, ¢o) = —1 for a = S, E, W.
Similarly, we may compute

a(dc, dbnw) = /I ery [0:0c0:0nw + OypcOydnwdady = 0. (5.59)

—1
In summary, the stiffness matrix locally reads |—1 4 —1|. Thisis
—1
the same as central difference scheme.

5.6 Basic Settings

In two space dimensions, the basic settings for a finite element approximation
include the following issues.

A partition refers to splitting ) into subdomains, each subdomain called
as an element. An element may either a triangle or a quadrilateral. Oth-
er polygons are also used in certain special applications. The partition is
regular if all elements are congruent.

We call T = {T1,--- ,T,,} an admissible partition if the following prop-
erties hold.

o O=ULT;
o If T; NT; = {A}, then the point A is a common vertex of T; and Tj}.

o If ¢ # j,T; N1} consists of more than one point, then T; NTj is a
common edge.

We some times write the partition as 7}, if every element has diameter
no greater than 2h.

We call a partition 7, K-uniform, if 3K > 0, such that VI' € Ty, T
contains a circle of radium pp > h/K.
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With a partition, we next set up approximations for each element. We
denote the set of polynomials whose degree is no more than t as P, =
{u(z,y) = X ik Cirx'y*}. When a polynomial approximation is restricted
on an edge, it reduces to one variable only, and usually the degree decreases
to no greater than ¢ — 1.

By piecing the local polynomials together to form an approximation,
there arises naturally a consideration about the regularity (smoothness) for
the approximation in the whole domain 2. In fact, we call a finite element
approximation a C* element, if the approximate functions are in C*(€).
While the appropriate function space for the elliptic partial differential e-
quation is the Hilbert space, the following theorem provides a sharp relation
between the differentiability and the Hilbert space.

Theorem 5.6. Over a bounded domain ), a piecewise infinitely differen-
tiable function v : Q — R belongs to H*(Q) if and only if v € C*~1(Q) for
k>1.

As an example, if we want to solve a problem in the space H'(2), it
is enough to form a finite approximation with C%(Q) element. Similarly, if
we want to solve in H™(€2), continuity on the order of (m — 1) should be
enforced across the edges.

Finally, we remark that as the finite element approximation space S}, C
V', we call this a conformal element.

5.7 Triangular Elements With Complete
Polynomials

For a triangle element, we may define a reference triangle T with vertices at
(0,0),(1,0) and (0,1). Then with an affine linear transformation

(f;) iy (5) + @2) . det(A) #0, (5-60)

a polynomial p(x,y) over the reference triangle leads to another polynomi-
al p(Z,7), which is of the same order. Therefore, we shall solely discuss
approximations on the reference triangle.

For t > 0, suppose that s = (¢t +1)(t +2)/2 points 21, - - , zs in T lying
on (t+ 1) lines. Then Vf € C(T), there exists a unique polynomial p with
degree no greater than ¢, such that p(z;) = f(z;). This is obvious for ¢ = 0.
Assume the statement holds for ¢ — 1. Then for ¢, consider the edge along
the z axis. There is a polynomial pg(z), such that f(z;) = po(z(z;)) holds
for the (¢ 4+ 1) points on this axis. Using the assumption for (¢ — 1), we
may find a function ¢(x,y) to handle the rest points. Then we construct
p(z,y) = po(x) + yq(x,y), which solves the problem for t.



5.7. TRIANGULAR ELEMENTS 105

This leads to the construction of some nodal bases, which refers to
{wi};_, satisfying ;(z;) = 0;;. For this choice, a set of points z1,--- , zs
uniquely determine a function in .Sp.

Now we construct some C°-elements on € with polynomials on the
degree of t > 1.

After making triangulation, we select for each triangle T's = (¢4 1) (¢t +
2)/2 points and form a polynomial p(x,y) of the degree t. When restricted
on an edge, the polynomial reduces to a single variable polynomial with
degree no greater than ¢. It is uniquely determined by (¢ + 1) points at
this edge. Consider an adjacent triangle 7. The polynomial on 7T is also
determined by the same (¢ + 1) points at this common edge when restricted
to the edge. As the single variable polynomial uniquely determined by the
(t + 1) points at edge, these two single variable polynomials must be the
same. We conclude that the approximation is C° across edges.

We describe several C? triangle elements as follows.

First, a conforming Py element (Courant element) M. Over the refer-
ence triangle, we define

hlr=1—(z+vy), lr==z, Yslr=uy. (5.61)

The resulted approximation function space Il,.y = P, with dimIL,.; = 3.
In general, Vo|r € P;, we may expand

¢ = P11 + P2vb2 + P33, (5.62)

where (,251 = ¢(07 0)’ ¢2 = ¢(17 0)7 and ¢3 = ¢(07 1)
Next, we construct a quadratic triangle element M3 by defining

Y1 = (1—(z+y)1-2(z+y), (5.63)
vy = dxz(l—(x+vy)), (5.64)
Y3 = 2x(m—%), (5.65)
Ye = dy(l—(z+y)), (5.66)
Y5 = day, (5.67)
do = 2y 3) (5.65)

These basis functions are constructed by selecting a particular point, and
drawing two lines to cover the rest points. For this element, we have IL,..; =
Py, dimIL,.; = 6.

We illustrate C! element by an example of the Argyris element. We
take a fifth degree polynomial on the reference triangle. The number of
coefficients is then 6 x 7/2 = 21. For a function ¢ to be approximated, we
take its values and derivatives at the three vertices up to the second order,
namely, ¢, ¢z, ¢y, Grz, Pyy, Pzy. We further take the normal derivative at
each edge center. Altogether, we have 6 x 3 4+ 3 = 21 conditions.
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We demonstrate that the Argyris is C'. As a matter of fact, consider
along a common edge y = 0. The polynomials restricted to this edge is
a single variable one of order 5, which requires six coefficients to fix. In
fact, these six coefficients for x°, 2%, 3, 22, z, 1 are determined uniquely by
b, b, Oz at the two vertices. Therefore, the element is C°. Accordingly,
the z-derivative is continuous across the edge y = 0.

Next, we consider the normal derivative ¢, at y = 0. The normal
derivative is a single variable polynomial of the order 4. There are five
coefficients to be determined for %, 23, 2%, z, 1. This is determined uniquely
by ¢y, ¢y at the two vertices, plus the normal derivative on this edge. This
ends the proof for C! continuity.

Finally, we also mention a bilinear quadrilateral element (()1-element).
Over a reference cube [0, 1] x [0, 1], the approximation is defined as ¢(z,y) =
a+bx+cy+dxy. This may be uniquely determined by ¢ at the four vertices.
We notice that 1I,.y C P, dimIl,.; = 4, and this gives CO-¢lement.

5.8 Finite Element and Affine Families

Definition 5.2. A finite element is a triple (T,11,%):
e T is a polygon in RY;
e II is a subspace of C(T) with finite dimension s;
e X is a set of s linearly independent functions in 11, such that Vp € 1lis

uniquely defined by the generalized interpolation condition, namely by
fizing the values of s functionals in X.

A few more notions are as follows. Each part of 0T is called as a faces.
The basis of II are formed by shape functions. The number s is called as
the local degree of freedom, or the local dimension.

Definition 5.3. A family of finite element spaces Sy, for partition Ty, of Q C
R? is called as an affine family provided that 3 a finite element (Tref, ey, X),
such that VT € Ty, there exists an affine mapping F; : Ty — Tj, such that
Yv € Sy, it holds that

’U(x)‘Ty = p(F‘j_lx)v P E Tref- (569)

As an example, Mé“ is an affine family. On the other hand, an element
with normal derivatives is not an affine family, e.g., the Argyris element.

5.9 Approximation Properties

As mentioned before, the Cea’s lemma asserts that || u — up, ||;n< % ing I
VhESh

u—vp ||m, Hy* €V C H™(). This means, the convergence follows from
the approximation property of the finite element method.
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Because C° ¢ H™(Q) for m > 1, this does apply to C° elements when a
high order estimate is aimed at. To this end, we shall define mesh dependent
norms, and confine ourselves to affine families.

First, for a partition 75, = {T1, -+ , Ty} and m > 1, we define

_ 2
1otz [ 10 o, (5.70)
Tj€7-h

Theorem 5.7. (Bramble-Hilbert lemma) Let Q@ € R?, with Lipschitz con-
tinuous boundary, and t > 2. Assume that L is a bounded linear mapping
from H'(Q) to a normed linear space Y. If P,_y C KerL, then 3C = C(Q) ||
L ||> 0, it holds that

| Lv ||< Clv|s, Yo € HY(Q) (5.71)

Using the Bramble-Hilbert lemma, we consider C° triangle elements
with complete polynomials P,_; (¢t > 2). We take the associated affine
family Sy = MB‘I(E) for a shape regular triangulation 73, and define an
interpolation I, : H'(Q) — Sp,. It may be prove that 3C' = C({, k, t), such
that

| ¢ = In¢ |lmn< ch'™|¢liq, Vo € H(), 0 <m <t (5.72)

This tells us that the convergent rate is (¢t —m) if ¢ has a regularity up
to t-th order.

|6 = 106 [lmn< Ch""dle < CA™ [ 6 o, m <t. (5.73)

Furthermore, there is an inverse estimate for an affine family with K
uniform partition. Let Sj be an affine family of FE’s consisting of piecewise
polynomials of degree s, then 3¢ = ¢(K, s,t), such that VO < m < ¢, it holds
that

th Chm™t H Up, Hm,h7 Yoy, € S),. (5.74)

The inverse estimate shows that the approximation estimate is optimal.
We list the possible values of ¢ for some elements as follows.

| vn |

element linear triangle quadratic cubic bilinear Argyris
t 2 2,3 2,3,4 2 3,4,5,6

5.10 Error Bounds

Definition 5.4. Consider a V -elliptic bilinear form a(-,-) withm > 1, HJ*(2) C
V. .c H™(). The bilinear form is called H*-regular if 3C = C(Q,a,s),
such that Vf € H*™2™(Q), the solution u € H*(Q) exists for equation
a(u,v) = (f,v)o, Vv € V with

|| U ||s§ c || f ||372m . (575)
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It may be shown that for H&—elliptic linear form with sufficiently smooth
coefficient functions, if further €2 is convex, then the Dirichlet problem is H?-
regular. Moreover, if €2 has a C® boundary with s > 2, then the Dirichlet
problem is H!'-regular. We remark that the Neumann problem is more
complicated.

Theorem 5.8. Let Ty, be a family of shape-reqular triangulation of a convex
polygonal domain Q, then uy, € S, = ME (k> 1) satisfies

= un 1< Ch || l2< Ch[ f o - (5.76)

Proof. Because € is convex, therefore the problem is H? regular. This mean-
S, || wll2< C1 || f |lo- Using the approximation property, we find that
vy, = Ipu € Sy, satisfies

[ w—=vn o=l u—"op 1< Chl w20 (5.77)

By the Cea’s lemma and the regularity, we derive
u—up [1< Ch |l ulle< Ch[ £ lo - (5.78)
O

There are better estimates but we omit them.

5.11 Solving the Algebraic Equations

Finite element method usually leads to huge algebraic equations. Efficient
algorithm is crucial for the application of finite element method.

In classical iterative algorithms, for an equation Ax = b, one decompose
A= M — N and derive Mx = Nz + b. The iterative method then reads

Mazrt = Na¥ + b, (5.79)

or,

Pt = 2P 4 M (b — AzP)

5.80
= G2k +d. ( )

Here G=1—- M 'Aand d=M"1'b.
By the fixed point theorem, it may be shown that solution the conver-
gence requirement reads
lim errort =0 & p(G) = max|\| < 1. (5.81)
k—o0 %

Different decompositions then give different algorithms. In the Jacobi
method, one takes the diagonal part as D, and the off-diagonal parts as
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—L and —U, respectively. This means, A = D — L — U. Then we obtain
Gy = D Y(L+ U). Componentwise, we have

i#]
In the Gauss-Seidel method, we take M = D + L, and Ggs = (D +
L)~'U. Tt is solved explicitly by

aiixfﬂ = — Z aijxfﬂ — Z aijSC?Jrl + b;. (583)

1< 7>t

We remark that the convergence essentially requires the stiffnes matrix
diagonally dominant and irreducible.

Another category of algorithms is relaxation methods. In an over-
relaxation method, we compute

Dkt = G[LaFt + Uzk + b] — (w — 1) D2, (5.84)

Convergence holds for 0 < w < 2, provided that A is symmetric and
positive definite.

There is a further category of algorithms, which fits very well the finite
element method. These are the so-called gradient methods. The algebraic
system Ax = b with A a symmetric positive definite matrix, it suffices to
minimize the function

flz) = %x/Aaz —b'z. (5.85)

The standard gradient method for a general function f(z) defined on
M C R” starts with an initial guess zg € M. Then for £ = 0,1,2, -, we
perform the following iteration.

1. Determine the direction d, = —V f(zy).

2. Line search: find t = oy, along the line {zy +tdy : t > 0} N M to search
local minimal point x11 = z) + agdg.

For the aforementioned special case of f(x) = %x'Aa: — bz, we have

dp, =b— Ax; and oy, = %. Therefore, it holds that
” k

f(zp1) = f(zp + ardy)
1 / !
= *(wk + Ozkdk) A(:):k + Ozkdk) —-b (1‘k + Oékdk>

2
_ 1 (dydy,)?
= flow) =3 d Ady

(5.86)
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Suppose the exact solution is z*, and define the energy norm || = ||a=
Va'Az. For a symmetric positive definite A, we have the Kantorovitch
inequality

(z' Az)(z' A )
(x'x)?

1 1
< (;/% + §k‘1/2)2, k = dim A. (5.87)

From this we derive a convergence rate as follows.

(dydy,)? k—1

_ k k12
d;Adkd;A—ldk] Ggg) lhmo—2" Il

IN

| whr — o A=l oe — 2" 5 1

(5.88)
Assignments
1. Construct the cubic triangle element MS’, for which II,.y = P3,dimIL,.; =
10.
Solution:
b= (- @)1 -3ty - @y, (589
Y2 =90(l- S +9)(1 -z +y)) (590
vs = (e 31 (2 +y), (591)
9 1 2
Py = 555(90 - g)(f - 5)’ (5.92)
Y5 =91~ S+ )1~ (+), (599
Yo =2Tzy(l— (z +vy)), (5.94)
27 1
Yr = ?xy(:c - g)a (5.95)
vs = Zyly - 31~ (@ +)), (5.9
27 1
Yo = Sayly —3), (5.97)
o = oyly— D)y — ). (5.98)

2 3 3



