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Chapter 1

Introduction

The goal of this course is to introduce theoretical analysis of finite difference methods for solving
partial differential equations. The focuses are the stability and convergence theory. The partial
differential equations to be discussed include

* parabolic equations,
* elliptic equations,

* hyperbolic conservation laws.

1.1 Finite Difference Approximation

A finite difference approximation is to approximate differential operators by finite difference oper-
ators, which is a linear combination of w on discrete points. For example,

o Forward difference: D u(x) := w

» Backward difference: D_u(z) := W,

¢ Centered difference: Dou(zx) := %
Here, h is called the mesh size. By Taylor expansion, we can get
* u/(z) = Dyu(z) + O(h),
e u/(z) = D_u(x) + O(h),
 u/(z) = Dou(x) + O(h?).
These formulae can be derived by performing Taylor expansion of u at . For instance, we expand

h? h3
wx+h) = ulx)+d(x)h+ ?u”(:p) + gu”’(fc) e



2 3
wlx—h) = u(z)—d(x)h+ h—u”(w) - h—u”’(:ﬂ) 4

2 3!
Subtracting these two equations yields
!/ 2h3 n
uw(z + h) —u(z — h) :2u(:v)h+?u () +---
This gives
h2
u'(z) = Dou(x) — —u"(z) + - -- = Dou(z) + O(h?).

3!
Thus, u/(z) can be approximated by several difference operators. Indeed, we can approximate u’(x)
by finite difference operators which involve u on more discrete points with higher order errors. For

example,
u'(z) = Dau(z) + O(h?),

where

Dsu(z) = 6ih (2u(x + h) + 3u(x) — 6u(z — h) + u(z — 2h)).

This formula can be derived by taking Taylor expansion of u(x + h), u(z — h), u(z — 2h) about z,
then making proper combination to cancel Oth, and 2nd derivatives term. That is

2 3
wx+h) = uz)+d(x)h+ %u”(ar) + %u’”(x) + .-
h? h:'3
w(x—h) = wu(x)—u(x)h+ ?u"(x) - au"’(m) + -
2 3
u(x —2h) = wu(z)—2u (2)h + %u”(x) — B?)L!u'”(x) +

Taking the combination 2u(x + h) + 3u(x) — 6u(x — h) + u(x — 2h), we can cancel the zeroth,
second derivatives and obtain u/(x) = Dau(z) + O(h3).

In general, suppose we are given the values of u at discrete points {x;}. These discrete points
are called grid points. We want to approximation u(*) at a specific point Z by the values of v at
some of these grid points, say x;,j = 0,...,n with n > k. That is,

u®) (z) = f: cju(x;) + O(RP~HF)
j=0

Here, the mesh size h denotes max{|z; — ;| }. The parameter p > k is some positive integer. We
want to design c; so that p is as larger as possible. As we shall see later that we can choose p = n.
To find the coefficients ¢;, j = 0, ..., n, we make Taylor expansion of u(z;) about the point z:

u(eg) = 2 oy — 2@ + 0P,



We plug this expansion formula of u(z;) into the finite difference approximation formula for
") (z):
u\™ (x):

u(k)(i) = Z Cj Z l(x] _ a‘c)lu Z)(;Tc) + O(hp—k:—&-l)‘

Comparing both sides, we obtain

n

(@;—2) (1 ifi=k o
z; 7! 7Y 0 otherwise [ fori =0,...p.
]:

There are p + 1 equations here, it is natural to choose p = n to match the n + 1 unknowns. This is a
n xn Vandermonde system. It is nonsingular if x; are different. The matlab code fdcoeffV (k,xbar,x)
can be used to compute these coefficients. Reference: Randy LeVeque’s book and his Matlab code.

In the case of uniform grid, using central finite differencing, we can get high order approxima-
tion by using less grid points. For instance, let z; = jh, where j € Z. Let u; = u(x;). Then

W(0) = SO
_9 _
u”(O) — %{;‘f‘ul + O(hQ)
1
u® = ﬁ(uQ — 2uy + 2ug — 2u_1 + u_z) + O(h?).

Homeworks.

1. Consider z; = ih, i = 0,....,n. Let = x,,. Find the coefficients ¢; for u*) (Z) and the
coefficient of the leading truncation error for the following cases:

e k=1n=2,3,m=0,1,2,3.
e k=2,n=2,m=0,1,2.

1.2 Basic Numerical Methods for Ordinary Differential Equations

The basic assumption to design numerical algorithm for ordinary differential equations is the smooth-
ness of the solutions, which is in general valid provided the coefficients are also smooth. Basic
designning techniques include numerical interpolation, numerical integration, and finite difference
approximation.

Euler method

Euler method is the simplest numerical integrator for ODEs. The ODE
y = f(t.y) (1.1)
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is discretized by

Yy =y EFE YY), (1.2)
Here, 9, ..., 1" are the grid points of time ¢. k = "1 — " is time step size of the discretization.
This method is called the forward Euler method. It simply replace dy/dt(t") by the forward finite

difference (y"*! — y™)/k. Given a smooth solution y(-), by Taylor expansion, we define the local
truncation error to be
y(t" ) —y(t")

k

We are interested in the true error, which is defined to be " := y" — y(¢™). We have the following
convergence theorem.

Tn = y/(tn) _

= O(k).

Theorem 1.1. Assume f € C' and suppose the solution y' = f(t,y) with y(0) = yq exists on
[0,T]. Then the Euler method converges at any t € [0,T]. In fact, the true error " has the

following estimate:
At

le"] < %O(k‘) — 0, asn — 0. (1.3)
Here, A\ = max |0f/0y| and nk = t.
Proof. From the regularity of the solution, we have y € C2[0, T'] and
y(t" ) = y(t") + kF(E"y(t")) + k7" (1.4)
Taking difference of (1.2)) and (I.4), we obtain

"< e 4 R y") — F(Ey(E™)] + KT
< (T4 EN|E] + k7"

where
|f(t,2) — f(ty)] < Az —yl.

The finite difference inequality has a fundamental solution G™ = (1 4+ A\k)™, which is positive
provided k is small. Multiplying above equation by (1 + A\k)~"!, we obtain

’€m+1|G7m71 < ’em|G7m + kG7m71|7_m|.

Summing in m from m = 0 ton — 1, we get

n—1 n—1
‘6”’ < Z Gn—m—lk’,rm’ < Z GmO(kQ)
m=0 m=0

Gr —1 Gn e)\t
= k?) < ——O0(k) < —O(k
“Low) < Com < o)
where ¢ = nk and we have used (1 + \k)" < . O

Remarks.



1. The theorem states that the numerical method converges in [0, 7] as long as the solutions of
the ODE exists.

2. The error is O(k) if the solution is in C[0, T7.

3. The proof above relies on the existence and smoothness of the solution. However, one can
also use this approach to prove the local existence theorem by showning the approximate
solutions generated by the Euler method form a Cauchy sequence.

Backward Euler method

In many applications, the system is relaxed to a stable solution in a very short period of time. For
instance, consider B
r_ Y~y

—

)

The corresponding solution y(¢) — y as t ~ O(7). In the above forward Euler method, practically,
we should require
1+kX<1

in order to have G™ remain bounded. Here, ) is the Lipschitz constant. In the present case, A = 1/7.
If 7 is very small, the the above forward Euler method will require very small £ and lead to inefficient
computation. In general, forward Euler method is inefficient (require small k) if

max‘af(t’y)’ >> 1.

dy

There are two possibilities:

* Jf /0y >> 1: In this case, we need to choose a very small k in order to resolve details.

e Of 0y << —1.

For the second case, the backward Euler method is recommended:

Y =yt Ry,
Comparing the Taylor expansion of the exact solution at ¢"*1:
y(t"h) = y(") + Ry ) + O(k),

we get that the true error e” := y" — y(t") satisfies

el — on N O(k‘Q) —e"+k (g:{;(t’ g)> el + O(k;Q).

<1 —k <g‘§(t, g))) "l =" + O(K?).
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Since %(t,g) << —1, we take A = min ’g—g(t, gj)‘, we get

(1 —k (%(t,g))) > (14 Ak).

(1+Xk)|e™ ] < le"] + O(k?)

The corresponding fundamental solution is G™ := (1 + A\k)~™. Notice that the error satisfies

Thus,

n—1
"] < > (14 M) TmO(R?)
m=0

(14 X))t
Mk

—\T
O(k).

< O(k?)

e

A

There is no restriction on the size of k. However, the price to pay is that we need to solve a nonlinear
equation

<

Y =yt RFET

for y™*1 at each time step.

Leap frog method

We integrate y' = f(t, %) from t" ! to t"+1:

75714—1

y(t"H) — (") = / f(r,y(r)) dr.

tn—1

We apply the midpoint rule for numerical integration, we then get
y(t"h) —y(t"h) = 2k (", y(t") + O ().
The midpoint method (or called leapfrog method) is
y =yt = 2R (). (1.5)

Homeworks.

1. Prove the convergence theorem for the leap-frog method for ODE.
Hint: consider the system 7 = y" ! and % = y".

1.3 Runge-Kutta methods

The Runge-Kutta method (RK) is a strategy to integrate ftt:H f d7 by some quadrature method.
Below, RK2, RK4 are RK method with different orders.



RK2: A second order RK, denoted by RK2, is based on the trapezoidal rule of numerical integra-
tion. First, we integrate the ODE ¢/ = f(¢,y) to get

tn+1

y(tH) -y = / f(r,y(r)) dr.

n

Next, this integration is approximated by

tn+1

[ e dr = 5 (160 + 5 ) + 06

n

The latter term involves ™ 1. An explicit Runge-Kutta method approximate 41 by y"+k f(t", y™).
Thus, RK2 reads

61 - f(tn7yn)
k
ytt o= oyt Sy + FET Y+ k).

Another kind of RK2 is based on the midpoint rule of integration. It reads
&G o= f"y")
k
yn+1 — yn + k}f(tn+1/2,yn + 551)
The truncation error of RK2 is

y(t" ) —y(t") = y" T — y(t") + O(K?).

RK4 The 4th order Runge-Kutta method uses Simpson’s rule to approximate integration:

tn+l

[ )= 5 (A pm) + 472 g ) + 1 () + O,

The quantity y(tn+1/ 2) is approximated by forward Euler method. It has the form

k
Yyt o= oyt 5 (&1 + 28 + 283 + &)

& o= f@"y")
& = f(t"+ §k7y + 551)

1 k
3 = f(t"+ Sk Y+ 552)
§a = f("+ky" + k&)
The truncation error of RK4 is

y(E" ) —y(t") = y" T = y(t") + O(K°).
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General explicit Runge-Kutta methods The method takes the following general form

where

&1
&
&3

€s

S
VT =y kDY biG,
=1

f&"y"),
F(" + ek, y" + kai &),
F(" + csk,y" + kaz1&1 + kasaéa),

f(tn + csk, y" + k(aslfl R as,sflgsfl))-

We need to specify s (the number of stages), the coefficients a;;(1 < j < i < s), bi(i = 1,...,5)
and ¢;(i = 2, ..., s). We list them in the following Butcher table.
There are s(s—1)/2+ s+ (s—1) unknowns to be determined for a specific scheme. We require the

0
C2 a1
€3 | a1 as32
Cs | As1 Qg2 -+  Oss—1
by by -+ bs—1 bs

truncation error to be O(kP™1). To find these coefficients, we need to expand the truncation error

formula

cients.

y(tn+1) o yn — ynJrl o yn + O(karl)

about (t",y™) in terms of derivatives of y(-) at t”. Then we can get linear equations for the coeffi-

Adaptive Runge-Kutta (Runge-Kutta-Fehlberg method, ODE45) The adaptive Runge-Kutta
method is designed to be able to estimate local truncation error in each time step. From which, we
can adjust time step size to have roughly uniform truncation error in each step. This is done by
using two RK methods with the same sets of a;; and ¢; but different b;, b;. The set b; produces
RK method of order p. The auxiliary set b; produces a RK method with order p — 1. It is used to
estimate the local truncation by

gt =y = 1Y (b — b))k = O(hP)
=1

The step size h is then estimated so that the truncation error is roughly the same in each time step.
Below is the Butcher table for RK5 and RK4 (b*).
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0
1/4 1/4
3/8 3/32 9/32
12/13 | 1932/2197 —7200/2197  7296/2197
1 439/216 -8 3860/513  —845/4104
1/2 —8/27 2 —3544/2565  1859/4104  —11/40
b 16/135 0 6656/12825 28561/56430 —9/50 2/55
b* 25/216 0 1408/2565  2197/4104  —1/5 0

Convergence proof, an example Let us see the proof of the convergence of the two stage Runge-
Kutta method. The scheme can be expressed as

y" =y BTy k) (1.6)
where )
V(y" 1" k) = fly + Skf(y). (1.7)
Suppose y(-) is a true solution, the corresponding truncation error

™= y<tn+l)k_ y() _ T(y(t), 1" k) = O(k?)

Thus, the true solution satisfies
y(t" ) —y(t") = kO (y(t"), t", k) + k"
The true error e” := y" — y(t") satisfies
et = em E(U(y", t" k) — U(y(t"),t", k) — k™.
This implies
" < e + kX |e"| + k|7,

where X is the Lipschitz constant of W(y, ¢, k) with respect to . Hence, we get

p p g

n—1
€] < (L EN)™e kD> (L4 EN) e
m=0
, eA’t
eN[e| 4+ —— max |7
m

)\/

IN

"

Reference:

* Lloyd N. Trefethen, Finite Difference and Sprectral Methods for Ordinary and Partial Differ-
ential Equations,

* Randy LeVeque,

* You may also google Runge-Kutta method to get more references.
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1.4 Multistep methods

The idea of multi-step method is to derive a relation between, for instance, y" 1, y™, y" !, /" and
vy "1 50 that the corresponding truncation is small. The simplest multistep method is the midpoint

method. Suppose y™ and ™! is given. The new state y" ! is defined by
ynJrl o ynfl — Qkym — 2]€f(tn, yn)

The truncation error is

1 — n
"= (™) —y(t" 1) = 2ky/ (t")) = O(K?).
Thus, the method is second order.

We can also design a method which involves 41,y =l

n n

" Land ",y . For instance,

k
y =yt 5B - fMT)
The truncation error
k
i g (- eI - 56 ) = 00)

A general 7-step multistep method involves (y" 1, y™ ... 4"ty and (/" "1, y/", ...y,
It can be written as

r r r
Z amyn—i-l—r-i-m —k Z bmy/n—l—l—r-i-m —k Z bmfn—&-l—r—i-m. (1.8)
m=0 m=0 m=0

We will always assume a, # 0. Because it is the coefficient corresponding to 4™, which is what
we want to find. When b,, = 0 the method is explicit; otherwise it is implicit. For a smooth solution
of (I.I]), we define the truncation error 7" to be

1 . —-r . n —r-rm
™= z (Z Ay (T Z by (£ ))

Definition 1.1. A multi-step method is called of order p if 7" = O(kP) uniformly in n. It is called
consistent if 7"*(k) — 0 uniformly in n as k — 0.

Remark. When f is smooth, the solution of ODE 3’ = f(¢,y) is also smooth. Then the truncation
is a smooth function of k. In this case, 7(k) — 0 is equivalent to 7(k) = O(k) as k — 0.

Initial setup An 7-step multi-step method needs (y0,y?, ...,y"~')7 to start. There is only 3°
given initially. We need to construct 4', ..., 4"~ by other methods. For instance RK methods. In
order to maintain the order of accuracy, we should use a method of p — 1 order. This will give initial
error ' — y(t') = O(kP) fori = 0,...,r — 1.

12



Derivation of multistep method of order p For notational convenience, let us extend a’s and b’s
by setting a,,, = 0, by, = 0 for m > r. Taking Taylor expansion about t"+1~", we get

[ - Za Z]'y(ﬂ)(mk _kZb Z(j_ll)‘y(])(mk)j_l
m=0 m=0 J=1
-2 ) °)+Z Z (m ag — jm? by, kD
m=0

<

|
N~

) +Z ijlmam—jb)kj()
0 m=0

Zm] Y (magm, — jbm) Ky

m

o0

- Zjl
_ chym
j=0

Here, the derivatives of y(-) are evaluated at t"+1~". We list few equations for the coefficients a and
b:

Co = ap+-+a
Cy = (ar+2a2+---ray) —(bo+---+b)
1
Cy = 2((a1+2 ag + - -r2a,) — 2(by + - -+ 1b,))

: -
Cp = Z Z%bm

m= ml(p

To obtain a scheme of order p, we need to require
C; =0, forj=0,..p

There are 2(r + 1) unknowns for the coefficients {an, }7, o, {bm }1,—o- In principle, we can choose
p = 2r + 1 to have the same number of equations. Unfortunately, there is some limitation from
stability criterion which we shall be explained in the next section. The order of accuracy p should
satisfy
r + 2 if r is even,
p << r+1ifrisodd,
r if it is an explicit scheme.

This is the first Dahlquist stability barrier. We shall not discuss here. See Trefethen’s book, or Stiff
Equation in Wiki, Let us see some concrete examples below.
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Explicit Adams-Bashforth schemes When b, = 0, the method is explicit. Here are some exam-
ples of the explicit schemes called Adams-Bashforth schemes, where a, = 1:

o 1-step: y" ! =y + kf(y™)
* 2stepr y" =yt + 5(3f (") — F(y" )
* 3step: y" =y + £ (23F(y") — 16f(y" ) + 5f(y"72))

The step size is r and the order is p = r.

Implicit Adams-Moulton schemes Another examples are the Adams-Moulton schemes, where
b, # 0 and and the step size r = p

* Lstepr ™=yt 5 (AWM + (7))
o 2-stepr y™ =y + LG +8F (") — Fy)

o 3step: y" T =y + E(Of(y" ) + 19f(y™) — 5F (") + fF(y"2))

Sometimes, we can use an explicit scheme to guess 41! as a predictor in an implicit scheme.
Such a method is called a predictor-corrector method. A standard one is the following Adams-
Bashforth-Moulton scheme: Its predictor part is the Adams-Bashforth scheme:

JH =y @B~ 1670 + 57 ()
The corrector is the Adams-Moulton scheme:
Y=g 07 197 — 51" + )
The predictor-corrector is still an explicit scheme. However, for stiff problem, we should use im-
plicit scheme instead.

Matlab codes are available on Wikiversity with key words “Adams-Bashforth and Adams-
Moulton methods.”

Formal algebra Let us introduce the shift operator Zy"™ = y"*!, or in continuous sense, Zy(t) =
y(t + k). Let D be the differential operator. The Taylor expansion

1
y(t+ k) =yt) + ky'(t) + §k2D2y(t) + -
can be expressed formally as
1
Zy = <1 + (kD) + E(k‘D)Q + > y = ety

14



The multistep method can be expressed as
Ly = (a(Z) — kb(Z)D) y = (ale"P) = kDb(e?) ) y = (Co + CL(kD) + -+ ).

Here,
-

a(Z) =Y amZ™, b(Z)= Z b 2™
m=0

m=0

are the generating functions of {a,,} and {b,, }. A multistep method is of order p means that
(a(ekD) - ka(kD)) y = O((kD)"*y.
We may abbreviate kD by a symbol «. The above formula is equivalent to
a(e®) — rb(e") = O(kPT).

Or equivalently,
a(e)
b(er)

=k 4+ O(KPT!) ask — 0. (1.9)

We have the following theorem

Theorem 1.2. A multistep method with b(1) # 0 is of order p if and only if
Zgj)) =logz+O((z— 1P as 2z — 1.
It is consistent if and only if

a(l) =0and d' (1) = b(1).

Proof. The first formula can be obtain from (1.9) by writing e® = z. For the second formula, we
expand log z about 1. We can get

S 12 (2—1)3
a(z) = b(2) <(z—1)—( 21) —i-( 31) +~'~>+O((z—1)p+1).

We also expand a(z) and b(z) about z = 1, we can get
a(l) + (z = 1)d’'(1) = b(1)(z — 1) + O((z — 1)?).

Thus, the scheme is consistent if and only if a(1) = 0 and a’(1) = b(1). O

Homeworks.

1. Consider the linear ODE 3’ = Ay, derive the finite difference equation using multistep method
involving ", y™, y" ! and y'" and y/™ " for this linear ODE.

2. Solve the linear finite difference equations derived from previous exercise.
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1.5 Linear difference equation

Second-order linear difference equation. In the linear case 3’ = Ay, the above difference
scheme results in a linear difference equation. Let us consider general second order linear difference
equation with constant coefficients:

ay" T+ by 4 ey =0, (1.10)
where a # 0. To find its general solutions, we try the ansatz y™ = p" for some number p. Here, the
n in y" is an index, whereas the n in p" is a power. Plug this ansatz into the equation, we get

aanrl 4 bpn + Cpnfl —0.

This leads to
ap® +bp+c=0.
There are two solutions p; and ps. In case p; # p2, these two solutions are independent. Since the
equation is linear, any linear combination of these two solutions is again a solution. Moreover, the
general solution can only depend on two free parameters, namely, once y° and 3y ~! are known, then
{y" }nez is uniquely determined. Thus, the general solution is
y" = Cipl + Coph,
where C1, Cy are constants. In case of p; = po, then we can use the two solutions p5 and p} with
p2 # p1, but very closed, to produce another nontrivial solution:
lim P2 A1
p2—p1 P2 — p1

This yields the second solution is np?_l. Thus, the general solution is

C1pf + Canpt.

Linear finite difference equation of order » . We consider general linear finite difference equa-
tion of order r:
ay" "+ +agy” =0, (1.11)

where a, # 0. Since y™*" can be solved in terms of y"*t7~1 ... 4™ for all n, this equation together

with initial data yq, ..., y—r+1 has a unique solution. The solution space is r dimensions.
To find fundamental solutions, we try the ansatz

yr=p"
for some number p. Plug this ansatz into equation, we get
arp" T 4+ agp” =0,

for all n. This implies
a(p) :=arp" +---+ag=0. (1.12)

The polynomial a(p) is called the characteristic polynomial of (1.11) and its roots p1, ..., p, are
called the characteristic roots.
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* Simple roots (i.e. p; # pj, for all i # j): The fundamental solutions are p}', i = 1, ..., 7.
* Multiple roots: if p; is a multiple root with multiplicity m;, then the corresponding indepen-

dent solutions

n n—1 n n—2 n n—m;+1
pisnp; 0P T Oy

Here, C7 := n!/(k!(n — k)!). The solution C%'p' % can be derived from differentiation dipC{‘ pnt
at p;.
In the case of simple roots, we can express general solution as
y' = Cipf 4+ Copp,s

where the constants C1, ..., C; are determined by

yr=Ciph+ -+ CpF, k=0,..,r—1

System of linear difference equation. The above rth order linear difference equation is equiva-
lent to a first order linear difference system:

Agy™ ! = Ay (1.13)
where
y{L yn—r—H
Yr y"
0 1 0 0
0 0 1 0
Ag = To=vxe-n 0 ) 4 :
0 ar )’ :
0 0 0 1
—ap —ar —a2 —Qr—1
We may divide (1.13) by Ag and get
yn+1 — Gyn.

We call G the fundamental matrix of (I.13). For this homogeneous equation, the solution is
yn — Gnyo

Next, we compute G™ in terms of eigenvalues of G.
In the case that all eigenvalues p;, ¢ = 1, ..., of G are distinct, then G can be expressed as

G =TDT !, D = diag (p1, -, pr),
and the column vectors of T are the corresponding eigenvectors.
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When the eigenvalues of G have multiple roots, we can normalize it into Jordan blocks:
G=TJT ', J= diag(Jy, - ,Js),

where the Jordan block J; corresponds to eigenvalue p; with multiplicity m;:

pi 1 0 -+ 0
0 p 1 -+ 0

Ji=| ¢+ oo
o o0 o0 --- 1
0 0 0 P ) s

and )7, m; = r. Indeed, this form also covers the case of distinct eigenvalues.
In the stability analysis below, we are concerned with whether G” is bounnded. It is easy to see
that
G"=TJ'"T !, J" = diag (J7,---,J7)

g mp Tt Rt e Gy
A Y
Ji=1 : : . :
0 0 0 npl !
0 0 0o - Pl S
where C7 := k!(:ik)!.

Definition 1.2. The fundamental matrix G is called stable if G™ remains bounded under certain
norm || - || for all n.

Theorem 1.3 (von Neumann). The fundamental matrix G is stable if and only if its eigenvalues
satisfy the following condition:

either |p| = 1 and p is a simple root,

orlp| <1 (1.14)

Proof. It is easy to see that the nth power of a Jordan form J* is bounded if its eigenvalue |p;| < 1
or if p;| = 1 but simple. On the other hand, if |p;| > 1 then J]* is unbounded; or if p;| = 1 but not
simple, then the term np?_l in J;* will be unbounded. O

Corollary 1.1. There exists a norm in R™ such that the above root condition for G is equivalent to
|G|l < 1 with this norm.

Proof. 1. First, in R™ (or C"), we define ||x||c = max; |x;|. For a linear mapping G : R"” —
R™, we define its operator norm under the || - ||~ by
Gx
|G||co := sup | HOO
30 [|Xloo
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It is an easy exercise that for G = (aij)nxn, the operator norm

|Gl = max > fag.
J

2. Second, a matrix G can be expressed as
G=TDT !, D= diag(Jy,---,Js)

where J; are Jordan blocks. For any ¢; # 0, we can further transform J; into

J; = SiK;S; !
where
pi € 0 0
0 pi € 0
Kl - E ) SZ = diag (17€Z7 "76,7';'17;71)
0 0 O €
0 0 O Pi ) e,

Let S = diag(Sy, ..., Ss), K = diag(Kj, ..., Ky). We can express G as
G =TSK(TS)™!

We now define the new norm of G as

IGI = K]l
This means that we define the new norm || - || in R” by
]| == [[(TS) ™| oo

Since T'S is invertible, this does define a norm in R"™. With this norm, the corresponding
operator norm is || K||~-

3. For those J; with m; > 1, the stability condition requires that |p;| < 1. We choose ¢; such
that |p;| + €, < 1. Then the corresponding || K;|lcc < 1. Thus, |G| < 1 with the above
operator norm.

O]
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Nonhomogeneous linear finite difference system In general, we consider the nonhomogeneous

linear difference system:
y"t = Gy" + " (1.15)

with initial data y°. Its solution can be expressed as

yn — Gynfl_’_fnfl
— G(Gynf2+fnf2)+fn71

n—1
_ GnyO + Z Gn—l—mfm
m=0
Homeworks.
1. Consider the linear ODE
Y =Xy

where )\ considered here can be complex. Study the linear difference equation derived for this
ODE by forward Euler method, backward Euler, midpoint. Find its general solutions.

2. Consider linear finite difference equation with source term
ayn-‘rl + byn + Cyn—l — fn
Given initial data 4° and 7', find its solution.

3. Find the characteristic roots for the Adams-Bashforth and Adams-Moulton schemes with
steps 1-3 for the linear equation ¢y’ = Ay.

1.6 Stability analysis

There are two kinds of stability concepts.

» Zero stability: Fix ¢t = nk, the computed solution y” remains bounded as n — oo (or
equivalently, kK — 0).

* Absolute stability: Fix k£ > 0, the computed solution y™ remains bounded as n — oc.

1.6.1 Zero Stability

Our goal is to develop general convergence theory for multistep finite difference method for ODE:
y' = f(t,y) with initial condition y(0) = yg. An r-step multistep finite difference scheme can be
expressed as

Ly = amy" T = kY by f(eTITEm M) — ) (1.16)

m=0 m=0
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Definition 1.3. The truncation error 7" (k) for the above finite difference scheme is defined by

n ]‘ - n —r-m . n —r-m n —r-+m
T <k>:=k<§ amy(t" ) — kY b Ty ))>,
m=0

m=0
where y(+) is a true solution of the ODE.

Definition 1.4. A difference scheme is called consistent if the corresponding truncation error 7" (k) —
0 uniformly in n as the mesh size & — 0. The scheme is of order p if 7" (k) = O(kP) uniform in n.

In the multistep method, the consistency is equivalent to 7(k) = O(k) because we assume y(-)
is smooth and the truncation error is a smooth function in k. The consistency is 7(k) — 0 as k — 0.
Thus the smoothness of 7 implies 7(k) = O(k).

Definition 1.5. A difference scheme is called zero stable if its solutions at time step n remain
bounded as the mesh size £k — 0 (nk = T is fixed, according n — o0).

The main theorem is the follows. We will postpone its proof at the end of this section.

Theorem 1.4 (Dahlquist equivalence theorem). For finite difference schemes for ODE y' = f(t,vy),

consistency + zero-stability < convergence

Stability criterion Let us investigate the condition on the coefficients a and b of an explicit mul-
tistep method for the stability
Ly" =0

to be bounded. We may assume a, = 1 and b, = 0. Let us write it in matrix form:

y"t = Ay" + kBf"

where
0 1
1 YT
A — Ly = ... ’
0 1 y"
—ag —Qr—2 —Qr_1
0 0
0 O frr
B = = ],
0 0 I
bo e br—2 br_1

In order to have solution to be bounded for a multistep scheme Ly = 0 for arbitrary f, it has at least
to be valid when f = 0. In this case, we need to invetigate the boundedness for the homogeneous
equation:

yn+l _ Ayn
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We have seen in the last section that

Theorem 1.5. The necessary and sufficient condition for | A™|| to be bounded is that the charac-
teristic roots p; of the characteristic equation a(z) = 0 satisfies:

either |p;| < 1
or |p;| = 1 but simple.

Convergence = Stability

Proof. We only need to find an f such that the corresponding multistep is not stable implies that
it does not converge. We choose f = 0. [] Since A" is unbounded, which means there is an
eigenvalue p; with eigenvector y* such that |p;| > 1 or |p;| = 1 but not simple. We discuss the
formal case. The latter case can also be prove easily. In the former case, let y; be the eigenvector
of A corresponding to the eigenvalue p; which satisfies |p;| > 1. Let us choose 3° and generate
y' = (yg_l, -+ ,70)T by some explicit scheme starting from y°. We can choose y such that its
component on y; is nonzero. Then the corresponding y” := A"™y” will be unbounded. Hence it
cannot converge to a constant, as k& — 0. On the other hand, y° depends on the mesh size k and

y2(k) = (yo,- - ,v0)" as k — 0. Thus, the method does not converge for f = 0. O

Convergence = Consistency

Proof. From Theorem [1.2] we need to show that a(1) = 0 and a/(1) = b(1). To show the first,
we consider the ODE: ¢/ = 0 with y(0) = 1. For the second, we consider the ODE: ' = 1 and

y(0) = 0.
* Show a(1) = 0: We choose y* = (1,---,1)T. From y! = Ay?, we get

r 0 r—1
Yy =—apy’ — - —ar1y = —ag— - — apo1.

Since y" is independent of k, and we should have y" — 1 as & — 0 (by convergence), we
conclude that y" = 1. Thus, we geta(l) =ap+---+a,—1 +1=0.

e Show a’(1) = b(1). We choose f = 1, y(0) = 0. The corresponding ODE solution is
y(t) = t. The multistep method gives

a(Z)y" — kb(Z)1 = 0. (1.17)

We write
a(Z)=d(1)(Z-1)+0(Z-1)3), bZ)1="0b(1).

*Suppose a multistep method is convergence for every smooth f, then in particular, for f = 0. In this case, if this
multistep method is unstable, we want to show it does not converge. This is a contradiction.
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Then the principal part of the above finite difference is

b(1)
Z -1y —k =0
( )y —k— )
This is an arithmetic series. Its solution is y” = nk f,((ll)). Indeed, this sequence also satisfies

1.17) provided its initial data y™ also has the form y" = nk% for 0 < n < r. Thus,

arithmetic series y" = nk f,((ll)) is a solution of the difference equation (1.17). Since nk = t,

the convergence y™ — t as n — oo enforces b,(l) =
a’(1)

Stability + Consistency = Convergence

Proof. We recall that we can express the scheme as
y" Tl = Ay" + EBf".
Let Y be an exact solution, then plug it into the above scheme, we get
Y = AY" + EBF" + k7™,
where Y” := (Y (t""),...Y (t"))T. We subtract these two and call e” := Y™ — y™. We get
el = Ae" + kB (F" — ") + kr™.
The term F™ — £ can be repressed as

F'— " = (f(Y"") = f" "), -, (Y™ — fy™)T

— (L_’ren—r7 L. 7Loen)T

where

Thus, we get

e" = (A+4EkBL,)e" + k"
= Gp(k)e" + k"

with C' independent of n and k. The reason is the follows. First, we assume that f is Lipschitz.
Thus, the functions L_,,, above are uniformly bounded (independent of n). Hence the term || BL||
is uniformly bounded. Second we have a lemma
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Lemma 1.1. If |A"|| is bounded and ||B,,|| are uniformly bounded, then the product

1 1
A+-B))---(A+-B,
I(A+ B (A+ By

is also uniformly bounded.

We have

G, 1e" ! f k!

anlanzen_Q +k (Gn727-n—2 + Tn—l)
G,-1G,_2- - Ggeo

+k (Gn—Z . Gm—o N Gn_QTan + Tn—l)

VARRVAN VAN

From the lemma, we get

le”[| < Clle°|| + nkC max ||| < Clle”|| + O(kP).

Proof of Lemma [1.1]

Proof. 1. We have seen that ||A™|| is uniformly bounded under some norm is equivalent to
|A|| < 1 for some other operator norm. Thus, we may just assume ||A| < 1.

2. Since all norms in finite dimension are equivalent, we may assume ||B;|| < b for all i =
1,...,n.

||(1&. 31) (1&' E )H <_ (H-Z&” )n <_ (1 )n <— ejip( )
n n " n n '

O

Theorem 1.6 (First Dahlquist barrier). A zero-stable and linear r-step multistep method with p
order of convergence should satisfies

r+ 2 if r is even,
p<< r+1ifrisodd,
r if it is an explicit scheme.

For proof, see pp. Hairer, Norsett, Wanner, Solving Ordinary Differential Equations, 384-387.

1.6.2 Absolute Stability

See Randall LeVeque, Finite Difference Methods for Ordinary and Partial Differential Equations,
Chapter 7.
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Chapter 2

Finite Difference Methods for Linear
Parabolic Equations

2.1 Finite Difference Methods for the Heat Equation

2.1.1 Some discretization methods

Let us start from the simplest parabolic equation, the heat equation:
Ut = Ugy

Let h = Ax, k = At be the spatial and temporal mesh sizes. Define x; = jh, j € Z and t" = nk,
n > 0. Let us abbreviate u(xz;,t") by u. We shall approximate v by U}', where U}" satisfies some
finite difference equations.

Spatial discretization : The simplest one is that we use centered finite difference approximation
for ug:

_ U1 — 25 + U
Ugy = 2

+O0(h?)
This results in the following systems of ODEs

U;(t) = Uj1(t) —2U;(t) + Uj—1(2)

or in vector form

where U = (Up, Uy, ...)!, A = diag (1, —2,1).
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Homeworks.

1. Derive the 4th order centered finite difference approximation for . :
1
Upy = ﬁ(—uj‘_g + 16u]‘_1 — 3OUj + 16uj+1 — uj‘+2) + O(h4).
2. Derive a 2nd order centered finite difference approximation for (k(x)uy ).

Temporal discretization We can apply numerical ODE solvers

¢ Forward Euler method: .

urtt =un + 5 AU™ 2.1)
* Backward Euler method: "
Un+1 —U" 4+ ﬁAUn—H (2.2)
* 2nd order Runge-Kutta (RK2):
gt gn = gz ez gy g, (2.3)
h? ’ 2h? ’
* Crank-Nicolson: L
Uttt = W(AU"*1 + AU™). (2.4)
These linear finite difference equations can be solved formally as
Uttt = gun
where
e Forward Euler: G =1 + %A,
* Backward Euler: G = (1 — %A)_l,
e RK2: G =1+ KA+ 1 (k) a2
kA
¢ Crank-Nicolson: G = H?’,f
1-ks A
For the Forward Euler, We may abbreviate it as
U]n+1 = G(U]n—l’ ana ‘;:L-‘rl)? (25)
where .
G(Uj-1,Uj, Uj1) = Uj + 35 Uj—1 = 2U; + Uj41)
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2.1.2 Stability and Convergence for the Forward Euler method

Our goal is to show under what condition can U;" converges to u(xj,t") as the mesh sizes h, k — 0.
To see this, we first see the local error a true solution can produce. Plug a true solution u(z, t)

into (2.1). We get

k
+1 _
ui™t -y = 72 (ufyy —2u] +uf_ ) + k7] (2.6)

where

71 = Dy — (u)} — (DyD_uff — (uze)}) = O(k) + O(h?).

Let €7 denote for u] — UJ". Then subtract @ from @, we get
k n n
e?“ —ej = 72 (e;ﬁ_1 — 2e} + e?_l) + kj". (2.7)

This can be expressed in operator form:

"t = Ge™ + k. (2.8)
"Il IGe™ 1| + k|71
IG?e" 2| + k(|G 2| + I )
IG"e°|| + k(|G 70 + - + |GT" 2| + |7 M)

ININ A

Suppose G satisfies the stability condition
IG"U|l < C|U]]
for some C' independent of n. Then
el < Clle”)| + Cma |77,
If the local truncation error has the estimate

max ||[7"]| = O(hQ) + O(k)

and the initial error €° satisfies
1€°]] = O(h?),

then so does the global true error satisfies
e[| = O(h?) + O(k) for all n.
The above analysis leads to the following definitions and the equivalence theorem.

Definition 2.1. A finite difference method is called consistent if its local truncation error 7 satisfies

HTh,kH — 0 as h,k — 0.
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Definition 2.2. A finite difference scheme U™ = Gy, ,,(U™) is called stable in aregion (h, k) € R
if there exists a norm || - || such that

1Gh LUl < ClU]
for all n > 0. Here, C' is a constant independent of 7.

Definition 2.3. A finite difference method is called convergence if the true error
Heh,kH — 0 as h, k — 0.

In the above analysis, we have seen that for forward Euler method for the heat equation,

Theorem 2.1. The forward Euler method for the heat equation has the property:
stability + consistency < convergence.

We have already proven stability + consistency = convergence. The proof of the other way
is the same as the Dahlquist equivalent theorem

2.2 L? Stability — von Neumann Analysis

We have seen from the above discussion that the convergence issue is reduced to the stability issue.
In the stability analysis, we need to choose a norm to measure stability of the amplification operator
G, we will choose operator norm in L?. For constant coefficient case, the von Neumann analysis
(via Fourier method) provides a necessary and sufficient condition for stability. For more general
cases such as variable coefficient cases, Kreiss’ matrix theorem provides a good characterization of
stability.

Below, we describe L? stability analysis. We introduce two equivalent methods: Fourier method
and energy method, the Fourier method is also known as the von Neumann stability analysis. Given

{U;}jez, let us define
o112 = 1u;?

JET

and its Fourier transform

. 1 Y
(&) = 52> Use "5, € € [0,2m).
JEZ
There are two advantages to analyze stability of a finite difference scheme using Fourier method.
* The shift operator is transformed to a multiplier:
TU() = ¢“U(©),

where (T'U); := Uj1, thus the difference equation becomes an algebraic equation.
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* The Parseval equality
v

172
/ (e de

holds, thus one can control the L?-norm of U and GU in the Fourier space.

Now, let us consider a finite difference scheme of the form:

UMt = (GU™); = Y arplUfyy,

Taking Fourier transform, we obtain

gt
where
()
From the Parseval equality,
[126an i

k=—1

—_—
[om+1)2

/ "GP 1T ) de

—T

< max|GEP [ 07O as
= G0
Thus a sufficient condition for stability is
Gl < 1. 2.9)
Theorem 2.2. A finite difference scheme
Ut = 3 axUjs,
k=—1
with constant coefficients is stable if
R m
G(§) = Z ape’™
k=—1
satisfies R
max |G(§)| <1 (2.10)



For the forward Euler method for the heat equation,

n k
UMt = G(U;1,U;,Uj) = aUj 1 + (1 = 20)U; + aUjy1, a= o

the corresponding
G(€) = a(e’ + %) + (1 — 20) = 1 — 4arsin® <§> .

The condition (2.10)) is equivalent to

Q
INA
L\’)_\ —

That is,

IA

)=
l\:).\ —

Or equivalently, U;LH is the convex combination of U;_1, U; and Uj 1.

Homeworks.

1. Compute the G for the schemes: Backward Euler, RK2 and Crank-Nicolson.

2.3 Energy method

Let us write the finite difference scheme as
UMt = aUj, + BUJ + U744, (2.11)

where
a,B,y>0anda+ [+~ =1.

We multiply li by U]TLH on both sides, apply Cauchy-Schwarz inequality, we get

(U;lJrl)Q _ ann_lU;lJrl + BU]ntnJrl + }1+1U;l+1

s gl

CUUP? + (UF) 4 2(U7) + (U )?)
Here, we have used «, 3,y > 0. We multiply this inequality by h and sum it over j € Z. Denote

< SO+ U +

1/2
Ul = | Y1051k
J
We get
o™ < SAUTE ) + S AU+ U2 + S U0 + [0

30



1
= ST+ 1P
Here, o + 8 + v = 1 is applied. Thus, we get the energy estimate

[T 12 < [lom)2. (2.12)

Homeworks.

1. Can the RK-2 method possess an energy estimate?

2.4 Stability Analysis via Entropy Estimates

Stability in the maximum norm

We notice that the action of G is a convex combination of U;_1,Uj;, U; 11, provided

0< % < % (2.13)
Thus, we get
min {U}y, U}, Uy} < UPHH < max {U7-, U, U )
This leads to
minjUJ’.“'1 > min;U}',
maij;Hl < maij;-1
and

maxj\Uj’-"‘H] < max;|U7|.

That is, G is stable in || - ||cc-

Entropy estimates

The property that U"*! is a convex combination (average) of U” is very important. Given any
convex function 7(u), by Jenson’s inequality, we hav

(U < an(Ufy) + Bn(U]) +yn(Ufyy). (2.14)

1 is convex implies
n(alj—1+ (1= a)V) < an(Uj-1) + (1 = a)n(V).
Take V = (BU; + vUj+1)/(1 — ). Apply the definition of convex function again, we get

n(V) < T2n0) + 12 n(Ue).

Combine these two inequalities, we get

n(aUj—1 + BU; +vUj+1) < an(Ujt1) + Bn(U;) +yn(Uj+1)-
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Summing over all 5 and using o + 3 + v = 1, we get

S Uty <> n(Uy). (2.15)
J J

The convex function is called entropy in this setting. The above inequality means that the “entropy”
decreases in time. In particular, we choose

2 we recover the L? stability,

* n(u) = |u

* n(u) = [ulP, 1 < p < oo, we get
DU < ) _IUp
J J

This leads to
1/p 1/p

PI A B DI
J J
the general LP stability. Taking p — oo, we recover L™ stability.

* n(u) = |u — ¢| for any constant ¢, we obtain
>y el < 7
J J

This is called Kruzkov’s entropy estimate. We will see this inequality in hyperbolic theory
again.

Homeworks.

1. Show that the solution of the difference equation derived from the RK?2 satisfies the entropy
estimate. What is the condition required on h and & for such entropy estimate?

2.5 Entropy estimate for backward Euler method

The backward Euler method for the heat equation is

Ul = Un 4 NAUTL, A =diag(1,-2,1), A= w2
the amplification matrix is given by
Ut =GQU", G =(I-)A)". (2.16)

The matrix M := I — A A has the following property:

32



Definition 2.4. A matrix M = (m;;) is called an M -matrix if it satisfies
Mg >0, my; <0, > [mag| < my 2.17)
J#i
For M = I — M\A arisen from the backward Euler method, the corresponding m;; = 1 + 2\,
m;j = — A for j # 4. Thus, it is an M -matrix.

Theorem 2.3. The inverse of an M-matrix is a nonnegative matrix, i.e. all its entries are non-
negative.

I shall not prove this general theorem. You can read Golub-von Loan’s book, or consult wiki.
Instead, I will find the inverse of M for the above specific M-matrix. Let us express

142X
M =1 — Xdiag(1,-2,1) = i diag (—a,2, —a).
Here,
2 and0<a<1lifh,k>0
a=-—"—" a i .
142\ ’

The general solution of the difference equation
—auj—1 + 2Uj — aUj41 = 0 (2.18)

has the form: ‘ ‘
uj = Cipy + Capy
where p1, p2 are the characteristic roots, i.e. the roots of the polynomial equation
—ap2+2p—a:0.
Thus,
1+v1—a?
p .

From the assumption of the M-matrix, 0 < a < 1, we have p; < 1 and po > 1.
Now, we define a fundamental solution:

o forj>o0
9= py forj <0

Pi =

We can check that g; — 0 as |j| — oco. Moreover, g; satisfies the difference equation (2.18)) for
|7] > 1. For j = 0, we have

—ag-1+2g0 —agi = —apy ' +2—apr =2—a(p1+p;') =d

)
9\ Ty 2nd)

33

We reset



Then we have

142X
5 (—ag—1+2g0 —ag1) = 1,
142X .
5 (—agj—1+2g; — agj+1) = 0,Vj # 0.
This means
> gimik = dig,
J
or

G(I — \A) = Id.

Thus, M~ = (g;—;) is a positive matrix (i.. all its entries are positive). Furthermore, from
Gi—j — AM—Gi—j—1 + 2gi—j — gi—j+1) = ij,

summing over j € Z, we obtain

Zgi—j =1 for all 5.
J
This means that

Un+1 GUn Zgl jUn
JEZ

is indeed average of U™ with weights g;_;. With this property, we can apply Jensen’s inequality to
get the entropy estimates:

Theorem 2.4. Let 1)(u) be a convex function. Let U ' be a solution of the difference equation derived
from the backward Euler method for the heat equation. Then we have

Z” ) < 277 (%) (2.19)

Remark 1. * From entropy estimate, we get stability estimates for G in all L” norms with
1<p<oo

* Itis important to note that there is no restriction on the mesh sizes h and k for stability for the
Backward Euler method.

Homeworks.

1. Can the Crank-Nicolson method for the heat equation satisfy the entropy estimate? What is
the condition on h and k?
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2.6 Existence Theory

We can prove existence theorem of PDEs through finite difference approximation. In order to do
s0, let us define continuous and discrete Sobolev spaces and make a connection between them.
The continuous Sobolev space is defined as

H™ := {u:R - Rlu, o/, ...,u™ e L*R)}.
The discrete Sobolev space for functions defined on grid G}, := {x; := jh|j € Z}.
Hj" :={U : Gy, > R|U, D, 4 U,...,D* U € (*}.
Here, (Dy 4+ U)} == (U}, —U})/h

For any discrete function U; € H;"* we can construct a function u;, in H™ defined by

un(x) =Y _ Ujgn(x — ;) (2.20)
J

where ¢y, (x) = sinc(x/h). We have
up(z;) = Uj, forall z; € Gy,
It can be shown that
1D unl| ~ | Dy U 221

Here, the norm is the L? norm. Similarly, the space LS°(H}™) can be embeded into L>°(H™) by
defining

uh,k(x, t) = Z Z Uf(bk(t)%(x)

n>0 j

The discrete norm and the continuous norm are equivalent.

2.6.1 Existence via forward Euler method

The forward Euler method for the heat equation u; = w,, reads
Un+1 _ Un ﬁ Un 2Un n
G =UR 4 s (U = 2U7 + U

Here, We have seen that we can get the energy estimate:
0
U™ < IU7-

We perform finite difference operation on the above equation, say the forward Euler equation, for
instance, let V" = (D, U)} := (U7, — Ul')/h. Then V" satisfies the same finite difference
equation

k
n+1 n n n n
Vit =V +ﬁ(%‘—1—2%‘ + Vi)
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Thus, it also possesses the same energy estimate. Similar estimate for Dg} ,U. In general, we have
1D U™ < | DL Ul (2.22)
If we assume the initial data ug € H?, then we getU" € H ,% for all n > 0.

Theorem 2.5. If the initial data ug € H™m > 2 and k/h?® < 1/2, then the solution of forward
Euler equation has the estimate

IDE U™ | < IDE UL 1D+ U™ || < 1D, U°) (2.23)

Further, the corresponding smoothing function uy, . has the same estimate and has a subsequence
converges to a solution u(x,t) of the original equation.

Proof. The functions uy, ;, are unformly bounded in W e (H?). Hence they have a subsequence
converges to a function u € W1°(H?) weakly in W1>°(H?) and strongly in L>°(H'). The
functions uy, j, satisfy

Up o (25, 8" = wp (25, 17) = 5 (un (i1, t") = 2up (25, ") + upg(j41, 7))

h?
Multiply a test smooth function ¢, sum over j and n, take summation by part, we can get the
subsequence converges to a solution of u; = u,, weakly. O

2.6.2 A Sharper Energy Estimate for backward Euler method

In this subsection, we will get a sharper energy estimate for solutions obtained from the backward
Euler method. Recall the backward Euler method for solving the heat equation is

Ut —Up = UM - 200+ U (2.24)

where A = k/h?%. An important technique is the summation by part:

S = Up)V = = S0,V — 1)) @29
J J
There is no boundary term because we consider periodic condition in the present case.
We multiply both sides by U;”l, then sum over j. We get

Z(U;H-l)Q _ UJn_HU]n _ Z )‘(anj_ll _ 2UJ’(L+1 anj—ll)Un—l-l
J J

=3 S - U SO - Ut
J J

_ n+1 n+1 n+1 n+1 n n+1
= Z(Uj — UM U]+1+ZUJ+1 UU;
J
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_ n+1 n+12
__)‘Z|Uj+1 — U
J
The term 1
U U < S (U7 + (U7))

by Cauchy-Schwartz. Hence, we get

520 (- wp) < A g -
’ J

Or
1 n+1)2 h? k n+1 n+112
S Do U7 < =D 1Dy U = || Dy U (2.26)
where, . ) .
yrtl _yn yrtl _ pynt
+1
Dt,—Vyn+l = : L ] ) D:EH-U;H_1 = . h ! )
We sum in n from n = 1 to N, we get the following theorem.
Theorem 2.6. For the backward Euler method, we have the estimate
N
IUNIZ +C D 1De UM1” < 10O (2.27)

n=1

This gives controls not only on ||U™||? but also on || D, U™||.

Homeworks.
1. Show that the Crank-Nicolson method also has similar energy estimate.

2. Can forward Euler method have similar energy estimate?

2.7 Relaxation of errors
In this section, we want to study the evolution of an error on a periodic domain [0, 27r). We consider
UL = Ugg, x € [0,27), (2.28)

with initial data uo. The grid points z; = 27j/N and h = 27 /N. The error €7 := u(x;,t") — U}
satisfies

G = 6+ M1 =26 + i) + k) @29

We want to know how error is relaxed to zero from an initial error €. We study the homogeneous
finite difference quation first. That is

e;.“rl = e +A(ef_y — 2] +eli ). (2.30)
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or "1 = G(u"). The matrix is a tridiagonal matrix. It can be diagonalized by Fourier method.
The eigenfunctions and eigenvalues are

vgj = X IRIN 5 =1 — 2\ 42X cos(2mk/N) = 1 — 4Xsin?(nk/N), k= 0,..., N — 1.
When A\ < 1/2, all eigenvalues are negative except po:
1=po>|p1] > [p2| > -~

The eigenfunction
v = 1.

Hence, the projection of any discrete function U onto this eigenfunction is the average: » ; Uj.
Now, we decompose the error into

N-1
e = epvg, n >0
k=0
Then
n+1 __ n
€, = Pk€f-
Thus,
n_ n0
€k = PrCk-

Since py = 1, we see that ey = 68, which is the average of e”, does not decay, unless 68 = (O initially.
To guarantee the average of e is zero, we may choose U  to be the cell average of u(z,t") in the

jth cell:
n 1 Tj+1/2 "
Uj = h/ u(z,t") dx.
x

j—1/2

instead of the grid data. This implies the initial error has zero local averages, and thus so does the
global average.
For the decay behaviours of errors e} for k = 1,..., N — 1, we notice that for 1 <k < N — 1,

k k2
pp = 1 — 4\sin? <7;V> ~1—4\ (7]rv> , for N >> 1.

The largest values of ps are p; and py_1:

At 72

A2

plsz_lml—ll)\(N) —1-4

They correspond to low frequency eigenmodes: v; = (e274/N )jV: Jland vy = (e 2mI/N )jV: o
The decay rate

P~ (1—A)" e
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Here, t = nAt. This is the decay rate of e and eR;_; with nAt = ¢. They are the slowest decay
modes. For k = N/2, the corresponding eigenmode vy /o = (=1)%) ;V: ' is the highest frequency

mode. The corresponding eigenvalue

At
ﬁ.

A\ _a
PTJi//2:<1_4h2> ~ e

pnp=1-4A=1-4

The decay rate is

which decays very fast.
The contribution of the truncation error to the true error is:

e"t = prell + At

Its solution is
n—1

ek =pRep + ALY !

m=0

We see that the term efj does not tend to zero unless 73" = 0. This can be achieved if we choose U
as well as f; to be the cell averages instead the grid data. We have seen that the truncation error is
second order. That is

Tk,max ‘= maiz(—l |7_l1€n| = O(hQ)

0<m<

Then for & > 1,

1 7 1—et
Plant— —1-e,

n—1 n—1
At n—1l-m At n—l-m _ At —

Thus, we obtain
le"| < e e’ + (1 —eH)O(h?)

with nAt = ¢.

Homeworks.
1. Define U; := f;i*ll//; u(z) dz. Show that if u(z) is a smooth periodic function on [0, 1],
.
then

1
u'(w)) = 15 Uj—1 = 2Uj + Ujpa) +7

with 7 = O(h2).

39



2.8 Boundary Conditions

2.8.1 Dirichlet boundary condition

Now, we consider the initial-boundary problem:
Ut = Ugg, € [0,1]
The Dirichlet boundary condition is
u(0) = a, u(l) =b. (2.31)

The initial condition is
u(z,0) = ug(z).

We introduce uniform grids: z; = j/N, j = 0, ..., N. The forward Euler method can be realized
on ri,...,LN—_1 as

At
+1 _ s
U = Uf = o5 (Ufy =207 + Uf) = 1, N = 1.
Near the boundary point x1, the finite difference approximation of u,, at x; involves u at g = 0.
We plug the boundary condition:

Up —2U; + U- —2U, + U
ta(1) = L2 002) = T2 o) (2.32)
Similarly,
Un—o —2Un_1+ U Un_2—2Un_1+b
g (2N 1) = N-2 N-1+UnN 4 O(h?) = N-2 N-1 +O(R?)

h? h?

The unknowns are U7, ..., Uy _; with N — 1 finite difference equations at x1, ...,z y—1. Including
boundary terms, we write the equation as

. N At
U™ = (I +XA)U™ + \B, A=g
-2 1 0 0 0 a
1 21 -+ 0 0 0
A= . . . , B=1 . : (2.33)
o 0 0 .- 1 -2 (N=1)x(N—1) b (N=1)x1

The matrix A is the discrete Laplacian with zero Dirichlet boundary condition. The term B comes
from the Dirichlet boundary conditions.
We can have energy estimates, entropy estimates as the case of periodic boundary condition.
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Next, we examine how error is relaxed for the Euler method with zero Dirichlet boundary con-
dition. We have seen that the error €] := u(x;,1") — UJ" satisfies the difference equation with
truncation error as the source term:

n+1 __ n n s
e; = (I +AA)e"); + AdB + Atr, j=1,.,N -1

where TJ” is the truncation error,

da
0B =
0b (N—-1)x1

If there is any error from u(0) = a, say Uy = a + da, it will creates a truncation error da/h? at 1.
The solution for this difference equation is

n—1
" =G"e"+ Y G (AB+ AtT™), G =1+ A

m=0

From Fourier method, we can compute the eigenvector and eigenvalue of A:

ve = (sin(mjk/N)Ct, A = —4sin®(nk/(2N)), k=1,..,N—1.

In fact, we extend vy to an N + 1-vector as v o = vy = 0. Using this extended vector, we can
check

7k

Vg j—1—20k j+ 0k j+1 = (2cos(mk/N)—2) sin(njk/N) = —4sin? () Vi, Jj=1.,N-1,k=1,..

2N
The eigenvalues of I + 4\ A are

k
o = 1 — 4)\sin? (;N> k=1,..,N—1.

In the present case, all eigenvalues
pr<lk=1,...,N—1.

provided the stability condition
A<1/2.

In this case,
1>p > |p2| > > ’pN—l‘-

The lowest mode is p;, which is
2 At 72
p1:1—4>\sin2(7r/2N)z1—/\(1) =1 T _
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and ,
pra (1-mAt)" me ™™t

Thus, ,
IG™| <e ™! nAt=t.

The accumulation effect is
w2t

n—1 ) 1— e
X e <
Thus, the error from the initial data is
IGre’ll < e ™ lef)|

The error coming from truncation is

n—1
STl (At = (1 - e hHO(R?).

m=0
The error due to boundary is

n—1
n—lL—m —71’2 1
d G (AB)=(1-¢ t)ﬁHcSBH.

m=0
2.8.2 Neumann boundary condition
The Neumann boundary condition is
u'(0) = o9, v/ (1) = o1. (2.34)
We may use the following discretization methods:

 First order:

U, —Up
— =o0yp.
h 0
* Second order-I:
Uy — U h h
lT = ug(71/2) = ue(0) + §um(:cg) =09+ 5]‘"(1:0) (2.35)
» Second order-1I: we use extrapolation
—3Uy + 4U1 — U
= 0y.
212 0
The knowns are U;" with j = 0,...,N. In the mean time, we add two more equations at the

boundaries.
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Homeworks.

1. Find the eigenfunctions and eigenvalues for the discrete Laplacian with the Neumann bound-
ary condition (consider both first order and second order approximation at boundary). Notice
that there is a zero eigenvalue.

Hint: You may use Matlab to find the eigenvalues and eigenvectors.

Here, I will provide another method. Suppose A is the discrete Laplacian with Neumann boundary
condition. A is an (N + 1) x (N + 1) matrix. Suppose Av = Av. Thenfor j =1,...,.N —1, v
satisfies

vj—1 —2v; +vjq41 = My, =1,..., N — L.

For vg, we have
—2vg + 2v1 = Avg.

For vy, we have
—20N + 20N_1 = Avp.

Then this matrix has the following eigenvectors:

Uf =cos(mjk/N), k=0,..,N
with eigenvalue

7k

k : 2
A + 2cos(mk/N) sin (2N

) , k=0,..,N.
Notice that A’ = 0. The error corresponding this eigenmode does not decay.

Homeworks.
1. Complete the calculation.

2. Consider
Ut = Ugy + f(l')
on [0, 1] with Neumann boundary condition v’(0) = /(1) = 0. If [ f(z)dz # 0. What wil

happen to v as t — co?
2.9 The discrete Laplacian and its inversion
We consider the elliptic equation
Uze —au = f(x),z € (0,1),
with the Dirichlet boundary condition
u(0) = a, u(l) = 0. (2.36)
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The finite difference approximation of u,, at x; involves u at xyg = 0. We plug the boundary

contion:
Uy —2U;1 + Uy

h?

a—2U; + Uy

+0(h?) = 3

Uge (1) = + O(h?)

Similarly,

Un—2 —2Un-1+Un
12

Un_9—2Un_1+D
h2

Upa (TN 1) = +O0(h?) = +0(h?)
The unknowns are U7, ..., Uy, _; with N —1 finite difference equations at 1, ..., z y—1. The discrete

Laplacian becomes

-2 1 0 0 0
1 -2 1 -~ 0 0

a=| o 0 . 237)
0 o 0 --- 1 =2

(N=1)x(N-1)

This is a discrete Laplacian with Dirichlet boundary condition. We have seen in the last section
that A can be diagonalized by the discrete Fourier sin functions v* = (sin(mjk/N) j=1~-1. In this
section, we will find explicit expression of A~!. Indeed, we will find (A—23)~! where 8 = ah?/2.
The difference equation

Uj_l — (2 + QB)U]' + Uj+1 =0
has two independent solutions p{ and p%, where p; are roots of
PP —(2+28)p+1=0.

That is

p=1+8+ /11021

Our goal below is to construct fundamental solution G, which is G = (A — 23)~L.

Case 1: 8 = 0 When 8 = 0, the two independent solutions are U; = 1 and U; = j. Let us
construct the fundamental solution centered at ¢, call it G;;. It has the form:

Gm_{ (N - j)c j>i. 1<i4,j<(N-1). (2.38)

for some constants C; and C}. From G; ;1 — 2G;; + G, ;41 = 1 and iC; = (N — i)C/, we obtain
that
Ci=—(N—-i)/N C]=—i/N.

This gives explicit formula of G = A~
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Case2: 5 >0 When 3 > 0, the two roots are p; < 1 and p > 1. The fundamental solution G;
has the following form

Gy=q Gt G forj<i (v 4y g<i<n
“ Dip} + Doply forj>i - LT

Here, we extend G; j with 1 < j < (N —1)to 0 < j < N. The constants Cy,Cs, Dy, D are
determined by
Gio=0, G;n =0,

Giic1— (2+28)Gii +Gii1 =1
C1p} + Cophy = Dip} + Daph.
Homeworks.

1. Find the coefficients C1, Cy, D1, Do above.

Let us go back to the original equation:
Uzy — QU = f(x)

The above study of the Green’s function of the discrete Laplacian helps us to quantify the the error
produced from the source term. If Au = f and A~! = G, then an error in f, say 7, will produce an
error

e = GT.

The error from the boundary also has the same behaviour. If the off-diagonal part of G decays
exponentially (i.e. 8 > 0), then the error is “localized,” otherwise, it pollutes everywhere.
Project 2. Solve the following equation

Uggy — au+ f(x) =0, x € [0,1]
numerically with periodic, Dirichlet and Neumann boundary condition. The equilibrium

1. A layer structure

f(x):{ -1 1/4<x<3/4

1 otherwise

2. Animpluse
oy 1)2-d<x<1/2496
@)= { 0 otherwise

3. A dipole
~y 1/2—-d<x<1/2
flx)=¢ — 1/2<x<1/249
0 otherwise
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You may choose v = 0.1, 1, 10, observe how solutions change as you vary a.
Project 3. Solve the following equation

—Ugg + f(u) = g(‘r)7 T € [07 1]
numerically with Neumann boundary condition. Here, f(u) = F’(u) and the potential is
F(u) = u* — yu?.

Study the solution as a function of . Choose simple g, say piecewise constant, a delta function
d(x — xg), or adipole §(z — zg + €) — §(x — zp — €).
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Chapter 3

Finite Difference Methods for Linear
Elliptic Equations

3.1 Discrete Laplacian in two dimensions

We will solve the Poisson equation
Au=f

in a domain  C R? with Dirichlet boundary condition

u = g on Of)
Such a problem is a core problem in many applications. We may assume g = 0 by substracting a
suitable function from w. Thus, we limit our discussion to the case of zero boundary condition. Let

h be the spatial mesh size. For simplicity, let us assume € = [0, 1] x [0, 1]. But many discussion
below can be extended to general smooth bounded domain.

3.1.1 Discretization methods

Centered finite difference The Laplacian is approximated by

1

Uic1j + Uit1,j + Uij1 + Uijpa — 4Ui ).
For the square domain, the indeces run from 1 <+¢,5 < N — 1 and
Uoj=Un;=Uip=Un=0

from the boundary condition.
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If we order the unknowns U by i + j * (N — 1) with j being outer loop index and ¢ the inner
loop index, then the matrix form of the discrete Laplacian is

T I
I T I
I 7 1
I T
This is an (N — 1) x (N — 1) block tridiagonal matrix. The block T"is an (N — 1) x (N — 1) matrix

-4 1
1 -4 -1
T — 1 -4 1
1 -4
Since this discrete Laplacian is derived by centered finite differencing over uniform grid, it is second
order accurate, the truncation error

1
Tij = g3 (w(iz1,yj) + w(@it1,y;) + w(@s, yj—1) + w(@i, yj+1) — du(zi, y;))

= O(h%).

3.1.2 The 9-point discrete Laplacian

The Laplacian is approximated by

) 1 4 1
Vi=—1| 4 —-20 4
6 1 4 1

One can show by Taylor expansion that
1
Viu = Vu + Eh2V4u + O(h%).
If u is a solution of V?u = f, then
1
v@:f+ﬁﬁv%+omﬂ
Thus, we get a 4th order method:
2 h? s
VoUi; = fij + EV [ij
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3.2 Stability of the discrete Laplacian

We have seen that the true solution of Au = f with Dirichlet boundary condition satisfies
Au= f+,

where A is the discrete Laplacian and 7 is the truncation error and satisfies 7 = O(h?) in maximum
norm. The numerical solution U satisfies AU = f. Thus, the true error satisfies

Ae =T,

where e = u — U. Thus, e satisfies the same equation with right-hand side 7 and with the Dirichlet
boundary condition. To get the convergence result, we need an estimate of e in terms of 7. This is
the stability criterion of A. We say that A is stable if there exists some norm || - || and a constant C'
such that

lell < CJ|Ae]l.

3.2.1 Fourier method

Since our domain Q2 = [0, 1] x [0, 1] and the coefficients are constant, we can apply Fourier trans-
form. Let us see one dimensional case first. Consider the Laplacian d*/dz? on domain [0, 1] with
Dirichlet boundary condition. The discrete Laplacian is A = h—lgdiag (1,—2,1), where h = 1/N.

We can check below that the eigenvectors of A are v, = (sin(ﬂjkzh))é\;—ll, k=1,..,N —1. The

corresponding eigenvalues are — 5 sin?(7hk/2).

hZ
[Ave]j = [Asin(jmkh)]; = % (sin((j + 1)mhk) +sin((j — 1)mhk) — 2sin(jrhk))
= %(cos(whk) — 1)| sin(jwhk) = —%SiHQ(ﬂhk/Q)[vk]j.

For two dimensional case, the eigenfunctions of the discrete Laplacian are U kt 1 <kl <
N -1,
(UF4); ; = sin(imkh) sin(jnlh), 1<i,j <N —1.

The corresponding eigenvalues are

P %(cos(lmh) + cos(¢mh) — 2)
4
= 5 (sin’(kh/2) +sin®((nh/2)), 1< k(<N -1,

The smallest eigenvalue (in magnitude) is

8
AL — —73 sin2(7rh/2) ~ —27%  for small h.
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To show the stability, we take Fourier transform of U and A. We then have

|ADIG] > {30, 0)] = AT = 20012

Hence, the L2 norm of A has the following estimate:

|AU|| > 27|07

Thus, we get
~ 1 ~a
Ul < —||AU].
U< 55 114Ul
From Parseval equality, we have
1
Ul < —||AU
IV < 55 14Ul

Applying this stability to the formula: Ae = 7, we get

1
lell < 55l = O(?).

Homeworks.

1. Compute th eigenvalues and eigenfunctions of the 9-point discrete Laplacian on the domain
[0,1] x [0, 1] with zero boundary condition.

3.2.2 Energy method

Below, we use energy method to prove the stability result for discrete Laplacian. We shall prove it
for rectangular domain. However, it can be extended to more general domain. To perform energy
estimate, we rewrite the discrete Laplacian as

1
— (Uic1j + Uit1,j + Uij—1 + Ui jy1 — 4Us j) = (Do Do— + Dy Dy )U )i

where
Uit1,j — Uij

h
the forward differencing. We multiply the discrete Laplacian by U; ;, then sum over all 7, j. By
applying the summation by part, we get

(Dp1U)ij =

<AU> U> = <(Dm+Dm—+Dy+Dy—)Ua U>
~ —(D,_U,D,_U)— (D,_U,D,_U)
= —[IVsUl3

Here, the discrete L? norm is defined by
U5 =" U1
i3

50



The boundary term does not show up because we consider the zero Dirichlet boundary problem.
Thus, the discrete Poisson equation has the estimate

VRO = 1C6 T < £ IR Uk 3.1)

Next, for the zero Dirichlet boundary condition, we have the Poincaré inequality, which will be
shown below. Before stating the Poincare inequality, we need to clarify the meaning of zero bound-
ary condition in the discrete sense. We define the Sobolev space H }1%0 to be the completion of the
restriction of all C¢ functions to the grid points under the discrete H! norm. Here, C{ function is a
C function that is zero on the boundary; the discrete H' norm is

Lemma 3.1. Let Q) be a bounded domain in R?, then there exist a constant dq, which is the diameter
of the domain (), such that for any U € H ,1170,

h1 = Ul + VAU |[p-

[U|ln < dal|VaU||n. (3.2)

Proof. Letus take 2 = [0, X ] x [0, Y] as an example for the proof. We assume X = Mh,Y = Nh.
From zero boundary condition, we have

2
U = ZD _Uy ;h
< (Z 1%). (Z(Dw_Ui/J)Q)hZ (Holder’s inequa;ity)
=1 =1
M
< i) (De Uiy
=1

multiply both sides by h? then sum over all i, j, we get
lii = ZU2 n?

M
O ) (De-Uy j)°h
i=1 il.j
M2
ThZ > (D.-Uy j)*h?

-
]

IN

IN

M2
= 7h2”D$—UH}2L

Similarly, we have

N2
U7 < 7h2||Dy7U||%
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Thus,

1
IU; < B3 max{M?, N2}V, U
< VAU
O
With the Poincare inequality, we can obtain two estimates for U.
Proposition 3.1. Consider the discrete Laplacian with zero boundary condition. We have
1Tl < d& )| flln, (3.3)
IVRU|| < dall f|n- (34)
Proof. From
IVRUNE < (£l - 1011
We apply the Poincare inequality to the left-hand side, we obtain
IUI; < d@lIVUE < dlIFlInUIn
This yields
1UNIn < & fln
If we apply the Poincare inequality to the right-hand side, we get
VUG < Il 10 < (£l - dellVRU
Thus, we obtain
VLU < dall fln
When we apply this result to Ae = 7, we get
lell < dli7ll = O(n?)
[Vhell < dall7]| = O(h?).
O

Remark The discrete Laplacian has many good properties as those of continuous Laplacian. For
continuous Laplacian, we can have ||u||5;? estimated by some || f|| z7+. In the case of discrete Lapla-
cian, we have similar result. As the truncated error is of ||7||zs = O(h?) in terms of the discrete

norm, then we have ||e|| s+2 = O(h?). Using Sobolev inequality, wecan get |e|o, = O(h?).
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Chapter 4

Finite Difference Theory For Linear
Hyperbolic Equations

4.1 A review of smooth theory of linear hyperbolic equations

Hyperbolic equations appear commonly in physical world. The propagation of acoustic wave,
electric-magnetic waves, etc. obey hyperbolic equations. Physical characterization of hyperbolicity
is that the signal propagates at finite speed. Mathematically, it means that compact-supported initial
data yield compact-supported solutions for all time. This hyperbolicity property has been char-
acterized in terms of coefficients of the corresponding linear partial differential equations through
Fourier method.

They are two techaniques for hyperbolic equations, one is based on Fourier method (Garding et
al.), the other is energy method (Friedrichs’ symmetric hyperbolic equations). A good reference is F.
John’s book. For computational purpose, we shall only study one dimensional cases. For analysis,
the techniques include methods of characteristics, energy methods, Fourier methods.

4.1.1 Linear advection equation

We start from the Cauchy problem of the linear advection in one-space dimension

u +au, = 0, 4.1)
u(z,0) = wo(x). (4.2)

Its solution is simply a translation of g, namely,
u(x,t) = uo(x — at).

More generally, we can solve the linear advection equation with variable coefficients by the method
of characteristics. Consider

ur + a(x, t)u, = 0.
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This equation merely says that the direction derivative of « is 0 in the direction (1, a) || (dt, dx). If

x(t, &) is the solution of the ODE
dx

i a(x,t).

with initial data (0, §) = &, then

d dz

= u+au, =0

In other words, u is unchanged along the curve: dz/dt = a. Such a curve is called the characteristic
curve. Suppose from any point (z,t),t > 0, we can find the characteristic curve &(s, t, ) backward
in time and &(+, ¢, z) can be extended to s = 0. Namely, £(-, ¢, x) solves the ODE: d¢/ds = a(€, s)
with (¢, t, ) = x, and (-, ¢, z) exists on [0, ¢]. The solution to the Cauchy problem is then given

by ’U,(IIZ‘, t) = u0(§(07 t, 'CC))
Note that the characteristics are the curves where signals propagate along.
Now, we consider the linear advection equation with source term:

ug + a(z, t)u, = f(x,t).

Let 2:(t, £) be its characteristic curves. Along the characteristic curve, the equation becomes

D leua(t.€).1) = e + au, = f(a(t.€).1).

We integrate this equation in ¢ with fixed £&. We obtain

t
u(a(t,€),1) = uol€) + [ flals.€),)ds.
0
This is a function in (&, ¢). The final solution is obtain by replacing £ by £(0, ¢, x).

Homeworks

1. Find the solution of
up — (tanh x)uy =0

with initial data ug. Also show that u(x,t) — 0ast — oo, provided up(x) — 0 as |z| — oo.
2. Show that the initial value problem for
ug + (14 2%)uy = 0

is not well defined. (Show the characteristics issued from xz-axis do not cover the entire
domain: x € R,t > 0.)
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4.1.2 Linear systems of hyperbolic equations

Methods of characteristics Second-order hyperbolic equations can be expressed as hyperbolic
systems. For example, the wave equation

Ut — CQUM =0

(), (a0) (0) =0

To solve this system of equations, we diagonalize it. The eigenvalues and eigenvectors of the matrix
is

can be written as

M=—c 0l=(-cl), rn=(-c1)T,
)\1 =C, 52 = (C, 1), To = (C, 1)T.
We multiply the system by ¢; from the left and obtain
(us — cug)r + c(up — cug), = 0.
By multiplying #2, we obtain
(ug + cug)r — c(ug + cug), = 0.

Let v1 = u; — cug, and v9 = u; + cu,. Then vy and vy satisfy linear advection equations, and u
satisfies linear advection equation with source term. These can be solved by previous characteristic
method for linear advection equation.

In general, systems of hyperbolic equations have the following form

u + Az, t)u, = Bz, t)u+ f(x,t).

Here, u is an n-vector and A, B are n x n matrices. Such a system is called hyperbolic if A is
diagonalizable with real eigenvalues. That is, A has real eigenvalues

with left/right eigenvectors [; /7;, respectively. We normalize these eigenvectors so that [;r; = ¢; ;.
Let R= (71, -+ ,r,) and L = (I1,- - ,1,)". Then

A = RAL,
A = diag (A1, -, \n)
LR = 1.

We can use L and R to diagonalize this system. First, we introduce v = Lu, then multiply the
equation by L from the left:
Lu; + LAu, = LBu+ Lf.
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This gives
v + Avy = Cv + g,

where C = LBR+ LR+ AL, R and g = Lf. The i-th equation:

Vig + Aivia = D Cijv; + gi
J

is simply an ODE in the direction dx/dt = \;(x,t). As before, from a point (z,t) with ¢ > 0, we

draw characteristic curves &; (-, t,x),i =1,--- ,n:
d&; .
disl )\i(fivs)al:]ﬂ”')n
&t t,x) = =

We integrate the i-th equation along the i-th characteristics to obtain

) = 60 ta) + [ (S eugo+a)(6i(s.t). ) ds.

J

An immediate conclusion we can draw here is that the domain of dependence of (x, t) is [£,(0, ¢, z), &1 (0, ¢, x)],
which, we denote by D(z,t), is finite. This means that if ug is zero on D(x,t), then u(z,t) = 0.
One can obtain local existence theorem from this integral equation provided vy and vg , are
bounded. Its proof is mimic to that of the local existence of ODE. We define a function space
Cy(R), the bounded continuous functions on R, using the sup norm: ||u||~ := sup, |u(z)|. Define
a map

0

t
Tv = ’U()ﬂ'(fi(o, t,z)) + / Z CijUj + Gi
J

Then the above integral equation is equivalent to find a fixed point of T’
v="Tv

in the space Cp(R). The operator T is a contraction in Cp(R) if the time is short enough. The
contraction map 7" yields a fixed point. This is the solution.

The global existence follows from a priori estimates (for example, C'*-estimates) using the above
integral equations. A necessary condition for global existence is that all characteristics issued from
any point (x,t), z € R, t > 0 should be traced back to initial time. A sufficient condition is that
A(z,t) is bounded in the upper half plane in z-t space.

A nice reference for the method of characteristics for systems of hyperbolic equations in one-
dimension is John’s book, PDE, Sec. 5, Chapter 2.
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Energy method for symmetric hyperbolic equations Many physical systems can be written in
the symmetric hyperbolic equations:

AOUt + A(l’,t)um = B(m,t)u + f7

where Ay, A are n X n symmetric matrices and Ay is positive definite. We take inner product of this
equation with u, later we integrate in x over the whole space. For simplicity, we assume Ag and A
are constant matrices temporarily. We get

01 01
§§A0U'U+%§AU'U—BU‘U+JC'U-

Here we have used the symmetric properties of Ag and A:

2Au-u:Aux-u—i—Au-ua;:2Augc-u.

ox
As we integrate in = over the whole space, we get
o o) = (Bu,u) + (f,u)
7 5 Ao, u) = (Bu, u , U

Here, the term

(Aug,u) = (uy, Au) = /;(Au,u)m dxr = 0.

We have used symmetry property of A. The positivity of Ay yields that (Agu, u) is equivalent to
||u||3, namely, there are two constants C; and Cy such that for any v € L?(R),

C’l/\u|2dx < (Apu,u) < C’g/|u|2d3:.

If we use (Apu, u) as a new norm |||u|||?, then we get

dl1
o lle@IP < Cllfull* + ][ - 1 £
Here, we have used the boundedness of B. Eliminating ||u||, we get

d
@Il < Cllulll + I

This yields (by Gronwell inequality)
t
()11 < e“lJu(O)I] +C’/O eI f(s)|] ds

Thus, |||u(t)||| s bounded for any finite time if ||« (0)|| is bounded.

We can apply this method to the equations for derivatives of u by differentiating the equations.
This will give us the boundedness of all derivatives, from which we get compactness of approximate
solution and existence theorem. For general “smooth” theory for symmetric hyperbolic systems in
high-dimension we refer to Chapter 6 of John’s book.
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4.2 Finite difference methods for linear advection equation

4.2.1 Design techniques
We shall explain some design principles for the linear advection equation:
U + auy, = 0.

We shall assume a > 0 a constant. Despite of its simplicity, the linear advection equation is a proto-
type equation to design numerical methods for nonlinear hyperbolic equations in multi-dimension.

First, we choose h = Ax and k = At to be the spatial and temporal mesh sizes, respectively.
We discretize the « — ¢ space by the grid points (z;,t,), where z; = jAz and ¢, = nAt. We
shall use the data U}" to approximate u(xj,t,). To derive finite difference schemes, we use finite
differences to approximate derivatives. We demonstrate spatial discretization first, then the temporal
discretization.

1. Spatial discretization. There are two important design principles here, the interpolation and
upwinding.

1. Derivatives are replaced by finite differences. For instance, u,; can be replaced by

Uj—Uj_l Uj+1 —Uj_l 3Uj —4Uj_1+Uj_2
A , Or oh , Or oh .

The first one is first-order, one-side finite differencing, the second one is the central differenc-
ing which is second order, the third one is a one-side, second-order finite differencing. This
formulae can be obtained by make Taylor expansion of u; about ;.

2. Upwinding. We assume a > 0, this implies that the information comes from left. Therefore,
it is reasonable to approximate u, by “left-side finite difference”:
Uj — Uj_l 3Uj — 4Uj_1 + Uj_z
or .
h 2h

2. Temporal discretization.

1. Forward Euler: We replace u;} by (U;”rl —U}')/k. As conbining with the upwinding spatial
finite differencing, we obtain the above upwinding scheme.

2. backward Euler: We replace ut?H by (U;Hl — U7")/k, but replace u, by DI)?H, where D
is spatial finite difference above.

3. Leap frog: We replace u;; by (U}erl - Uf_l)/2k.

4. An important trick is to replace high-order temporal derivatives by high-order spatial deriva-
tives through the help of P.D.E.: for instance, in order to achieve high order approximation of

U, WE can expand
uj ' u;L n k n
k Ut j 9 Ut T
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We can replace uy by
2
Ut = —AQUgt = G Ugy,

then approximate u,, by central finite difference. Thus, we obtain a second order approxi-

mation of wu;:
n+1 _ n
vim Uik

Ut < k *27]/2‘2( j+1 2U +Un )
For u,;, we can use central difference approximation
no U,
j+1 J—1
Uy & ————————
’ 2h
The resulting scheme is
ak a’k?

n+1 n n n
Uyttt - u; :—%( j+1—Uj_1)+W( T = 2UF + UL ).

This is a second order scheme in both space and time. The scheme is called Lax-Wendroff
scheme.

We list some finite difference schemes below. Let 0 = ak/h.

Upwind : UM =Up - (UJ’? —-Uy)
Ui Jj+1 + U 0 rm n
- 5 5( j+1 j—l)

Backward Euler : U}LH -Uj'= %(U;‘fl unth

Lax-Friedrichs an+1

\V)

Jj+1
2
Lax-Wendroff : U;LH = U} - %( = U) + 02 (Ujyy =207 + Uy)

2
Beam-Warming : U = U7 — Z(3UF' — AU}, + Ufy) + 2-(Uf' =207y + UfLy)

In Beam-Warming, the term u,, is approximated by second order finite difference with upwinding:

Uy <

2h(3U” AU |+ UT,)

Here the upwinding means that a > 0, the information comes from left, and we use U;_2, U;_1 and
U; as our stencil. The term

+1
ol ) LI
k 2p2 It
as that in the Lax-Wendroff scheme. Thus, Beam-Warming is a second order scheme.

In general, an (explicit) finite difference scheme for the linear advection equation can be ex-
pressed as

U}Hl =GUF Uy 5 Ujl) = Z LEHY
k=-1
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Remark.

1. From characteristics method, u(xj,t,+1) = u(x; — ak,t,). We can approximate it by in-
terpolation at neighboring grid points. For instance, a linear interpolation at z;_1 and x;
gives

ak ak

The corresponding finite difference scheme is then defined by

n+l __ ak n ak n

This is the well-known upwind scheme. Where the spatial discretization is exactly the above
one-side, first-order finite differencing.

2. The term (u?Jrl —u})/k in aforward Euler method introduces an anti-diffusion term —a Uy,

namely,
un+1 —u” k 2]{;
]T] = Ut + §Utt + O(k2) = Ut + %Uxx + O(kQ)

Thus, a high-order upwind differencing §(3U} — 4U}"; + U’ ,) for au, and first-order
difference in time will be unstable. We will see this in the modified equation later.

Homeworks

1. Use the trick uy = a?uy, and central finite difference to derive Lax-Wendroff scheme by
yourself.

2. Derive a finite difference using method of characteristics and a quadratic interpolation at
Zj_2,xj_1 and x;. Is this scheme identical to the Beam-Warming scheme?

3. Do the same thing with cubic interpolation at z; 2, -+ , ;17

4. Write a computer program using the above listed schemes to the linear advection equation.
Use periodic boundary condition. The initial condition are

(a) square wave,
(b) hat function
(c¢) Gaussian

(d) e=@/D gin ma
Refine the mesh by a factor of 2 to check the convergence rates.
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4.2.2 Courant-Friedrichs-Levy condition
For a finite difference scheme:

1
an+ =GUM g, Ul),
We can define numerical domain of dependence of (z;,t,) to be [azj,ng,a:ﬂnm] (denoted by
D(j,n)). For instance, the numerical domain of upwind method is [z;_,,z;]. If UY = 0 on
D(j,n), then U ;= 0. In order to have our finite difference schemes physically meaningful, a
natural condition is

physical domain of dependence C numerical domain of dependence.

This gives a constraint on the ratio of ~ and k. Such a condition is called the Courant-Friedrichs-
Levy (C-F-L) condition. For the linear advection equation with a > 0, the condition is

{zj —ak} Clzj—r, zjtm].

This leads to
ak

0s th =1
If this condition is violated, we can easily construct an initial condition which is zero on numerical
domain of dependence of (x,t), yet u(x,t) # 0. The finite difference scheme will produce 0 at
(z,t). Thus, its limit is also 0. But the true solution u(z, t) is not zero.
Below, we shall fix the ratio h/k during the analysis and take » — 0 in the approximation

procedure.

4.2.3 Consistency and Truncation Errors

Let us express our difference scheme in the form:
Uttt = Gun.

Given a smooth solution u(z, t) to the PDE. Let us denote u(jh, nk) by u7. Plug u™ into this finite
difference equation, then make Taylor expansion about (jh,nk). For instance, we plug a smooth
function v into a upwind scheme:

1

E(U?H —uj) + - (uf —ui_y) = (ur + aug) + k(ug — ougs) + O(h* + k?)

J J
Thus, we define the truncation error as
utl — Gun
k

A finite difference scheme is called consistent if 7(h,k) — 0 as h,k — 0. Naturally, this is a
minimal requirement of a finite difference scheme. If the scheme is expressed as

m
n+1 __ n
U] = E akUj-ﬁ-k?
k=—1

T"(h, k) =
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then a necessary and sufficient condition for consistency is

This is easy to see because the constant is a solution.
If 7 = O(k"), then the scheme is called of order r. We can easily check that 7 = O(k) for the
upwind method by Taylor expansion:

1
T = 7 (u;”rl —uj +o(uj — u?_l))
ak

1 1 1
= (utk + §uttk2 + ?(—uxh + 2umh2> + HOT

k h
= (ur+au) + 5 (utt n akum> + HOT

2

= (u+ auy) —

The term %a(l — 0)ugy is O(h) if we keep 0 = ak/h fixed. Thus, the upwind scheme is first

order.
Homework Find the truncation error of the schemes listed above.

4.2.4 Lax’s equivalence theorem

Suppose U" is generated from a finite difference scheme: U™+ = G(U™), we wish the solution
remain bounded under certain norm as we let the mesh size At — 0. This is equivalent to let the
time step number n — co. A scheme is called stable if |U"|| remains bounded under certain norm
|| - || for all n.

Let u be an exact solution of some linear hyperbolic PD.E. and U be the solution of a corre-
sponding finite difference equation, We want to estimate the true error €7 = uj — U}

First we estimate how much errors accumulate in one time step.

eV Ti= " Ut = ke 4 Gu — GU™ = ke + Ge™.
If we can have an estimate (called stability condition) like
IGUI < U]l 4.3)
under certain norm || - ||, then we obtain
lu = U < Ju® = Ul + k(" - 7).
From the consistency, we obtain ||€”|| — 0 as k — 0. If the scheme is of order r, then we obtain
le™ | < [lu® = U°|| + O(k").

We have the following theorems.
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Theorem 4.1 (Lax equivalence theorem). Given a linear hyperbolic partial differential equation.
Then a consistent finite difference scheme is stable if and only if is is convergent.

We have proved stability = convergence. We shall prove the other part in the next section.

4.2.5 Stability analysis

Since we only deal with smooth solutions in this section, the L?-norm or the Sobolev norm is a
proper norm to our stability analysis. For constant coefficient and scalar case, the von Neumann
analysis (via Fourier method) provides a necessary and sufficient condition for stability. For system
with constant coefficients, the von Neumann analysis gives a necessary condition for statbility. For
systems with variable coefficients, the Kreiss’ matrix theorem provides characterizations of stability
condition. We describe the von Neumann analysis below.

Given {U;} jez, we define
Wiz =>_ |
J

and its Fourier transform ) . )
U = > Uje e
The advantages of Fourier method for analyzing finite difference scheme are
* the shift operator is transformed to a multiplier:
TU(¢) = e“U(¢),
where (TU); := Ujt1;
* the Parseval equility

i = 10y

If a finite difference scheme is expressed as
UMt = (GU™; = Y ai(T'U™);,
then

From the Parseval equality,

o2 = o
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-/ "GP 1T ) de

—Tr

< max(Gle)? [ THOP de
= [GlU)®
Thus a necessary condition for stability is
1Goe < 1. (4.4)

Conversely, Suppose \(A? (&) > 1, fromG being a smooth function in &, we can find € and § such
that R
|G(&)] > 1+ eforall |£ — &l < 9.

Let us choose an initial data Uy in £2 such that (/]?)(5) =1 for [€ — &y| < 6. Then
o = [

/ GP2n()| D0
[€—&o|<6

> (1+4€)?"6 — coasn — oo

v

The operator G™ is unbounded in || - ||2 operator norm. It is a fact that it will not be bounded by any
equivalent norm, which involves more analysis and will be omit here. Thus, the scheme can not be
stable. We conclude the above discussion by the following theorem.

Theorem 4.2. A finite difference scheme
m
Uptt = alUjyy
k=—1
with constant coefficients is stable if and only if
m .
G(&) = Z ape ¢
k=—1
satisfies R
G <1. 4.5
_max |G < 4.5)

As a simple example, we show that the scheme:

g
U}leU}l‘Fg( i1~ Ujt)

is unstable. The operator G = 1+ (T — T~ !). The corresponding G(£) = 1+ iosin&, which
cannot be bounded by 1 in magnitude. One the other hand, the Lax-Friedrichs scheme replaces U
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in the above scheme by the average (U, + U7, ;)/2. The corresponding G (&) = cos€& +iosiné,
which is bounded by 1 in magnitude provided |o| < 1. The above replacement is equivalent to add
aterm (Uj'y —2U} + U7 ) /2 to the right hand side of the above unstable finite difference. It then
stabilizes the scheme. This quantity is called a numerical viscosity. We see the discussion in the
next section.

Homeworks.

1. Compute the G for the schemes: Lax-Friedrichs, Lax-Wendroff, Leap-Frog, Beam-Warming,
and Backward Euler.

4.2.6 Modified equation

We shall study the performance of a finite difference scheme to a linear hyperbolic equation. Con-
sider the upwind scheme for the linear advection equation. Let u(x, t) be a smooth function. Expand
u in Taylor series, we obtain

A 2
W — G(u™); = (ug + aug) At — ( ;)

. (0 — 0P uge + O((AL)?).

The truncation error for the upwind method is O(At) if u satisfies the linear advection scheme.
However, if we fix Ax and At, then the error is O(A#?) if u satisfies

Ut + AUy — VUgy = 0,

where A2
v= (2267)5 (o0 —0?).

This equation is called modified equation. The solution of the finite difference equation is closer to
the solution of this modified equation than the original equation. The role of vu,, is a dissipation
term in the scheme. The term —(Ax)2/(At)o?u,, comes from the forward Euler approximation
to uy. It is an anti-diffusion. The term (Az)?/(At)ou,, comes from the upwind discretization for
aug. It is a diffusion. The effect diffusion is vu,,. The constant v is called numerical viscosity. We
observe that v > 0 if and only if 0 < ¢ < 1, which is exactly the (C-F-L as well as von Neumann)
stability condition. This is consistent to the well-postedness of diffusion equations (i.e. v > 0).

The effect of numerical viscosity is that it will make solution smoother, and will smear out
discontinuities. To see this, let us solve the Cauchy problem:

Ut + AUy = Vigy

1 ifz>0
u(@,0) = H(x)‘_{o if 2 < 0.

The function H is called the Heaviside function. The corresponding solution is given by

_ (e—at—y)?
u(z,t) ot u(y,0)dy

1 o0
—_— e
VAarvt /oo
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1 © (z—at—y)?
= T / e dut dy
Varvt Jo

= erf((z — at)/V4vt),

2 r 2
erf(x) := — e * dz.
7l

Let u.(x,t) be the exact solution of u; + au, = 0 with u(z,0) = H(z). Then

lue(y + at, t) — u(y + at, t)| = erf(—|y|/V4vt).

where

Hence,

0
luelot) —u(-8)n = 2 / erf( ) dy

= CVut
Since v = O(At), we see that
lug —u"[| = O(VAL).

On the other hand, if U is the solution of the finite difference equation, then we expect that ||[U" —
u™| 1 = O(At), because it is first order. Indeed, it is only O(v/At) and

[U" = ugllpr = O(VAL).

Thus, a first order scheme is only of half order for “linear discontinuities.”
One can also observe the smearing (averaging) of discontinuities from the finite difference di-
rectly. In upwind scheme, U?H may be viewed as weighted averages of U;" and U} ;:

Uit = (1—o)UJ' + oU};.

If U2y = 0and U = 1, then U}‘H is a value between 0 and 1. This is a smearing process
(averaging process). The smearing process will spread out. Its width is (v/nAz) = O(v/At) from
the estimate of binomial distribution.

It should be noticed that the magnititute of the numerical viscosity of the upwind method is
smaller than that of the Lax-Friedrichs method. The upwind method uses the information of chara-
teristic speed whereas the Lax-Friedrichs does not use this information.

Homeworks.

1. Find the modified equations for the following schemes:

C Azx)?
Lax-Friedrichs : wu; + au, = (2 Ai (1-— UQ)UM
A 2
Lax-Wendroff : wu; + augy = ( g) a(a2 — Duggy
A 2
Beam-Warming : wu; + au, = (g)a@ — 30 + 02)uzm
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2. Expand u up to Uyyyy, find the modified equation with the term u ., for the Lax-Wendroff
scheme and Beam-Warming. That is

Ut + AUy = UUggy + KUzzzz-
Show that the coefficient x < 0 for both scheme if and only if the C-F-L stability condition.

3. Find the solution U J" of the upwind scheme with initial data U ]Q = 0,;9. (Hint: a binomial
distribution.) Now, condider the Heaviside function as our initial data. Using the above solu-
tion formula, superposition principle and the Stirling formula, show that 3, [u — U}'|Az =

O(vnAz) = O(VAL).

Next, we study second-order scheme for solutions with discontinuities. We use Fourier method
to study the solution of the modified equation:

Ut + AUy = PUggpy-

By taking Fourier transform in z:

(&, t) = /u(w,t)e_mf dz,

we find
Gy = (—iaé — ip€)a = —iw(€)h
Hence

u(z,t) = / @& 0) de.

The initial data we consider here is the Heaviside function H (z). However, in the discrete domain,
its Fourier expansion is truncated. The corresponding inversion has oscillation on both side of the
discontinuity, called Gibb’s phenomena. The width is O(Ax), the height is O(1). We propagate
such an initial data by the equation u; + au, = pug.,. The superposition of waves in different
wave number ¢ cause interference of waves. Eventually, it forms a wave package: a high frequency
wave modulated by a low frequency wave. By the method of stationary phase, we see that the major
contribution of the integral is on the set when

d
e (& —w(E)t) =0.

The correspond wave ¢l(@=w'(€)1) ig the modulated wave. Its speed w'(€) is called the group velocity
vp. For the Lax-Wendroff scheme, we see that the group speed is

vp = a+ 3ué?.

For the Beam-Warming, v, = a + 3p€2. Since 11 < 0 for the Lax-Wendroff, while i > 0 for the
Beam-Warming, we observe that the wave package leaves behind (ahead) the discontinuity in the
Lax-Wendroff (Beam-Warming).
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One can also observe this oscillation phenomena directly from the scheme. In Beam-Warming,
we know that U ;‘H is a quadratic interpolation of U ]”_2, U j”_l and U J" If U }L_Q =0,and U j"_l =
U;" = 1, then the quadratic interpolation gives an overshoot at an+1 (that is, U}“H > 1). Similarly,

in the Lax-Wendroff scheme, anJrl is a quadratic interpolation of U 4, U} and U, IF UL, =

J+1-
U]TL =0, and ;{H =1, then an+1 < 0 (an undershoot).
Homeworks.

1. Measure the width of the oscillation as a function of number of time steps n.

4.3 Finite difference schemes for linear hyperbolic system with con-
stant coefficients

4.3.1 Some design techniques

We consider the system
ur + Augz =0

with A being a constant n x n matrix. The first designing principle is to diagonal the system. Using
the left/right eigenvectors, we decompose

A = RAL
= R(A"—AT)L
= AT - A"
Here, A = diag(\1, - -, \n) and A™ are the positive/negative parts of A.

With this decomposition, we can define the upwind scheme:

At At
yrtl — gn +n U™ — == A (U" ur
i = J'+Aq:A(j—1_ j)_A:c (U = UJ)-

The Lax-Friedrichs is still

ur,+U? At
n+l1 j—1 J+1 n n
LAt . . Uiy =207 + U2,

We see the last term is a dissipation term. In general, we can design modified L-F scheme as

At Upy — 207 + U3,

n n J—
EA(UJ'A - U)+D 5

+1 _
Urtl = U+

where D is a positive constant. D is chosen so that the scheme is stable by the von-Neumann
analysis.
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The Lax-Wendroff scheme is given by

At (At)?
n+l _ rrn n n 2(ur 4 :
Ut = Uf + - AU = Uy + (A (Uj1 = 207" + Ujy).

The C-F-L condition for upwind, L-F, L-W are
At
|— < 1.
max il 55 <

Homeworks.
1. Find the modified equation for the above schemes.
2. What is the stability condition on D for the modified L-F scheme.
3. Write a compute program to compute the solution of the wave equation:
Uy = Uy
v = ug
using upwind, modified L-F, L-W schemes. The initial data is chosen as those for the linear
advection equation. Use the periodic boundary condition.
4.3.2 Stability analysis

The definition of L?-stability is that the L2-norm of the solution of finite difference scheme
S 07 s
J

is uniformly bounded.

This L?-theory for smooth solutions was well developed in the 60s. First, Lax’s equivalence
theorem was originally proved for well-posed linear systems even in multi-dimension. Thus, the
essential issue for finite difference scheme is still the stability problem.

Let us suppose the system is expressed as

u =) Ajuy, + Bu+ f
i

Here, A;, B are constant matrices. We assume that the system is hyperbolic. This means that
>, EA; is diagonal with real eigenvalues. Suppose the corresponding finite difference scheme is
expressed as

Ut =GU" =) anTU".
Here, o = (a1, - - , o) is multi-index, a,, are matrices. Consider the Fourier transform of G:

@(k) _ ZaaeiZm AmkmATm
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If we take Az, as a function of At, then G is a function of (k, At). Using G, we have
on = GrU.

From the Parseval equality: ||U||? = [ |U|?, we obtain that the stability of a scheme U"*! = GU"

is equivalent to ||G™|| is uniformly bounded. Von Neumann gave a necessary condition for stability
for system case.

Theorem 4.3. A necessary condition for stability is that all eigenvalues of G (k, At) satisfies
|A\i(k, At)| <1+ O(At),VE, VAL < T.

Proof. The spectral radius of G (k, At) is the maximum value of the absolute values of the its
eigenvalues. That is,
p(G) = max|A]

Since there is an eigenvector v such that |Gv| = p|v|, we have that

Gl
Jul -

p < |G| = max
u

Also, the eigenvalues of G" are A'. Hence we have
p(G") = p( ).
Combine the above two, we obtain
p(G)" < |IG"
Now, if ||G"|| is uniformly bounded, say by a constant C' depends on ¢ := nAt, then

Cl/n
14+ O(AY).

p <
<

O

For single equation, we have seen that von Neumann condition is also a sufficient condition for
stability.
In general, Kreiss provided characterization of matrices which are stable.

Definition 4.1. A family of matrices {A} is stable if there exists a constant C' such that for all
A € {A} and all positive integer n,
A" < C.

Theorem 4.4 (Kreiss matrix theorem). The stability of { A} is equivalent to each of the following
statements:

70



(i) There exists a constant C such that for all A € {A} and z € C,|z| > 1, (A — zI)~" exists
and satisfies

C

A—z2D)7Y < ——.
(A —=2I) ||_|Z|_1

(ii) There exist constants Cy and Cy such that for all A € {A}, there exists nonsingular matrix S
such that (1)||S|),|S7!|| < C1, and (2) B = SAS~ is upper triangular and its off-diagonal
elements satisfy

|BZ]| < 02 min{l — |/{Z'|, 1-— ‘/{j‘}

where k; are the diagonal elements of B.

(iii) There exists a constant C' > 0 such that for all A € { A}, there exists a positive definite matrix
H such that

cli<H<Or
A*HA<H
Remarks.
1. In the first statement, the spectral radius of A is bounded by 1.
2. In the second statement, it is necessary that all |x;| < 1.

3. The meaning of the last statement means that we should use the norm 3 |U; ]2 = > ;(HU;,Uj)
instead of the Euclidean norm. Then A™ is nonincreasing under this norm.

4.4 Finite difference methods for linear systems with variable coeffi-
cients

Again, the essential issue is stability because Lax’s equivalence theorem.

Kreiss showed by an example that the local stability (i.e. the stability for the frozen coefficients)
is neither necessary nor sufficient for overall stability of linear variable systems. However, if the
system u; = Awu with A being first order, Strang showed that the overall stability does imply
the local stability. So, for linear first-order systems with variable coefficients, the von Neumann
condition is also a necessary condition for the overall stability.

For sufficient condition, we need some numerical dissipation to damp the high frequency com-
ponent from spatial inhomogeneity. To illustrate this, let us consider the following scalar equation:

ug + a(x)u, =0,
and a finite difference scheme
U (z) = A(2)U™(x — Az) + B(z)U™(z) + C(z)U™(z + Ax).
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For consistency, we need to require

A(z) + B(z)+C(z) = 1
A(z) - C(x) = a(x)

Now, we impose another condition for local stability:
0 < A(z),B(x),C(x) < 1.

We show stability result. Multiply the difference equation by U™*!(z), use Cauchy-Schwartz in-
equality, we obtain

(U z))? = A@) U™z — Az)U" 1 (z) + B(z)U™(2) U (z) + C(2)U" (z + Az)U"(z)

< A(;)((U”(m — Az))? + (U™ (2))?) + B(Qx) (U™ (@) + (U™ (2))%)
+C; L (U + A))? + (U @))?)
A(z) B(x) C(z)

= B - a0 + PR 0@+ S0+ A+ 0 @)

This implies
(U™ (2))?

IN

A(x) (U™ (z — Az))® + B(a)(U"(2))? + C(2)(U" (z + Ax))”
= Az — Az)(U™(x — Ax))? + B(z)(U™(2))? + C(z + Az) (U™ (z + Az))?
F(A@) — Az — An)(U"( — A))® + (C(x) — Cla + An) (U™ + Ax))?

Now, we sum over x = x; for j € Z. This yields
[T < 02 + oA [T

Hence,
IU™1* < (14 O(A)™ |U°|* < " U°|2.

The above analysis show that monotone schemes are stable in L. Indeed, the scheme has some
dissipation to damp the errors from the variation of coefficient (i.e. the term like (A(x) — A(x —
Ax))).

For higher order scheme, we need to estimate higher order finite difference AU, this will in-
volves |Aal||AU]|, or their higher order finite differences. We need some dissipation to damp the
growth of this high frequency modes. That is, the eigenvalues of the amplification matrix should
satisfies

I\i| <1 —06|kAz|*, when |kAz| <7

for some § > 0.
To be more precisely, we consider first-order hyperbolic system in high-space dimension:

d
u + Z a;(x)ug, =0,
i=1
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where u € RN, a;,i = 1,...,d, are N x N matrices. Consider a finite difference approximation:

U (2) =) Aa(@)TU™ (x)
o
Here o = (a1, -+, aq) is a multi-index.
Let G(z, At, &) =), A ¢’ be the Fourier transform of the frozen finite difference operator.

Definition 4.2. A finite difference scheme with amplification matrix G (z, At, €) is called dissipa-
tive of order 2r if there exists a constant § > 0 such that all eigenvalues of GG satisfy

i, At )] < 1—3l¢*
for all max; |§;| < m, all x, and all At < 7 for some constant 7.
An important theorem due to Kreiss is the following stability theorem.

Theorem 4.5. Suppose the system is symmetric hyperbolic, i.e. the matrices a; are symmetric.
Suppose the coefficient matrices A, are also symmetric. Assume all coefficients are uniformly
bounded. If the scheme is of order 2r — 1 and is dissipative of order r, then the scheme is stable.
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Chapter 5

Scalar Conservation Laws

5.1 Physical models

Many partial differential equations are derived from physical conservation laws such as conservation
of mass, momentum, energy, charges, etc. This class of PDE:s is called conservation laws. The scalar
conservation law is a single conservation law.

5.1.1 Traffic flow model

An interesting model is the following traffic flow model on a high way. We use macroscopic model,
which means that Az =~ 100m. Let p be the car density, u be the average car velocity. The car
flux at a point x is the number of car passing through x per unit time. In a time period At, the car
which can pass = must be in the region u(x,t)At. Thus, the flux at z is (p(x, t)u(z, t)At)/(At) =
p(z,t)u(z, t). Now, consider an arbitrary region (a, b), we have

the change of number of cars in (a,b) = the car flux at a— the car flux at b.

In mathematical formula:

b
o7 plx,t)der = p(a,t)u(a,t) — p(b, t)u(d,t)

= - /ab(pU)x dx

This holds for any (a, b). Hence, we have
pr + (pu)e = 0. (5.1)

This equation is usually called the continuity equation in continuum mechanics. It is not closed
because it involves two knowns p and u. Empirically, v can be teated as a function of p which
satisfies u — 0 as p — pmax. FOr instance,

P,

Pmax

u(p) = Umax(1 —
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if there is a upper velocity limit, or

u(p) = alog(pmax/p)
if there is no restriction of velocity. We can model u to depend on p,, also. For instance,

Pz
V—.

u=u(p) ~ "2

The quantity p,/p = —V,/V is the negative expansion rate, where V' is called the specific length,
the length of a car (i.e., V' = 1/p). If the expansion rate is positive, then the car train is rarefied.
Thus, if the car number becomes denser (resp. rarefied), then the speed is reduced (resp. increased).
Here, v is the diffusion coefficient (viscosity) which is a positive number. Thus, the final equation
is

pe+ F(p)a =0, (5.2)
or
pt+ f(p)e = Vpaa, (5.3)
where f(p) = pu(p).
5.1.2 Burgers’ equation
The Burgers equation is
ug + %(uz)x = €Uyy. (5.4)

When e = 0, this equation is called inviscid Burgers equation. This equation is a prototype equation
to study conservation laws.

Homeworks.
1. The Burgers equation can be linearized by the following nonlinear transform: let

2 [rx
v=e ¢l W&
show that v satisfies the heat equation:

V¢ = €Ugy

2. Show that the Cauchy problem of the Burgers equation with initial data ug has an explicit
solution:

u(z,t) = 7%%

o0 T —
=/ ( ty>pe(x,t,y)dy7
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€ 2 [

et dy’

x —y)? Y

I, ty) = @Z¥ 4 [ w(erde
0

pe(z,t,y) =

2t
The Burgers equation is a prototype equation for conservation laws. It reads

€
Ut + Uy = ium (5.5)

A famous transformation called the Hopf-Cole transform can transform this equation into heat equa-
tion:

o) = [ ulgdy, v

—00

Then ¢ satisfies the Hamilton-Jacobi equation

¢y €
(bt + ?x = §¢xx
and v satisfies heat equation:
1 1
UVt = ——, Uy = — qu/U?
1 1,\?
Vg = —— gV + <¢x> v
€ €
Thus,
€ 2 €
Ut = ivwx ~ ¢t + Ex = id)a:x

The solution to the heat equation can be expressed as

0= g [ 0
v(x,t) = e < vy,
2met J—0o Y Y

From v
¢ =—€clnv, u=¢,= —ef,

we can obtain an explicit form of the solution u as

1 _(z—y)?

1 0 x—y @=0? 1400
u(xr,t) = —e———— —— Z e T2 e W )d
(@2) v(z,t) /2met /oo< te ) Y

= /Z <x;y>pe($,y,t) dy
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where

e« T —y)
pe(w,y,t) = , A(w,y,t) = + ¢(y,0)
‘ [ emel@n) gy 2t
Taking € — 0+, we obtain
— t
u(e 1) = ZIE0,

where

y(x,t) == arg min, [ (z,y,t).

5.1.3 Two phase flow

The Buckley-Leverett equation models how oil and water move in a reservoir. The unknown w is
the saturation of water, 0 < u < 1. The equation is

where
2

fu) =

u? +a(l —u?)?

Unlike previous examples, the flux f here is a non-convex function.

5.2 Basic theory
Let consider scalar conservation law
ut + f(u)y = 0. (5.6)

The equation can be viewed as a directional derivative 0; 4+ f’(u)d, of u is zero. That implies u is
constant along the characteristic curve

dx ,
W = Pl 1).

This yields that the characteristic curve is indeed a straight line. Using this we can solve the Cauchy
problem of (5.6) with initial data u( implicitly:

u = ug(x — ut).

For instance, for inviscid Burgers’ equation with ug(z) = x, the solution w is given by u = = — ut,
oru=uxa/(1+1).
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Homeworks.

1. If f is convex and wy is increasing, then the Cauchy problem for equation (5.6) has global
solution.

2. If f is convex and u(, < 0 at some point, then u, — —oo at finite time.

The solution may blow up (i.e. |u,| — o00) in finite time due to the intersection of characteristic
curves. A shock wave (discontinuity) is formed. We have to extend our solution class to to include
these discontinuous solutions. We can view (5.6) in “weak sense.” That is, for every smooth test
function ¢ with compact support in R x [0, 00),

/ooo / th + f(u),] dwdt = 0

Integrate by part, we obtain

/OO /OO [pru + ¢p f (w)] da dt + /00 o(x,0)u(z,0)dx =0, 5.7
0 —00 —00

In this formulation, it allows u to be discontinuous.

Definition 5.1. A function u is called a weak solution of (5.6 if it satisfies (5.7) for all smooth test
function ¢ with compact support in R x [0, 00).

Lemma 5.1. Suppose u is a weak solution with discontinuity across a curve x(t). Suppose u is
smooth on the two sides of x(t). Then u satisfies the following jump condition across x(t):

dr
1l = 1) (58)

where [u] := u(x(t)+,t) — u(x(t)—,t).
Homeworks.Work out this by yourself.

5.2.1 Riemann problem

The Riemann problem is a Cauchy problem of (5.6) with the following initial data

up forx <0

u, forxz >0 (5.9)

uta0) = {

The reasons why Riemann problem is important are:
(1) Discontinuities are generic, therefore Riemann problem is generic locally.

(i) In physical problems, the far field states are usually two constant states. Because of the
hyperbolicity, at large time, we expect the solution is a perturbation of solution to the Riemann
problem. Therefore, Riemann problem is also generic globally.
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(iii)) Both the equation and the Riemann data are invariant under the Galilean transform:
x — Ax,t — At for all A > 0. If the uniqueness is true, the solution to the Riemann problem
is self-similar. That is, u = u(x/t). The PDE problem is then reduced to an ODE problem.

When f” # 0, say, f” > 0, here are two important solutions.

1. shock wave: uy > u,
upy forx < ot

u, forx > ot (5.10)

u(x,t) = {
where o = (f (ur) — f(ue))/(ur — ug).

2. rarefaction wave: uy < U,

uy  forax < At
u(z,t) =< u  for\g < Au) =7 <A\ (5.11)
u, forx > A\t

where A\(u) = f’(u) is an increasing function.

These two solution are of fundamental importance. We shall denote them by (ug, u,.).

The weak solution is not unique. For instance, in the case of uy < u,, both (5.11)) and (5.10)
are weak solutions. Indeed, there are infinite many weak solutions to such a Riemann problem.
Therefore, additional condition is needed to guarantee uniqueness. Such a condition is called an
entropy condition.

5.2.2 Entropy conditions

To find a suitable entropy condition for general hyperbolic conservation laws, let us go back to
study the gas dynamic problems. The hyperbolic conservation laws are simplified equations. The
original physical equations usually contain a viscous term vu,, as that in the Navier-Stokes equa-
tion. We assume the viscous equation has uniqueness property. Therefore let us make the following
definition.

Definition 5.2. A weak solution is called admissible if it is the limit of
up + f(u)y = eus,, (5.12)
as e — 0+.

We shall label this condition by (A). In gas dynamics, the viscosity causes the physical entropy
increases as gas particles passing through a shock front. One can show that such a condition is
equivalent to the admissibility condition. Notice that this entropy increasing condition does not
involve viscosity explicitly. Rather, it is a limiting condition as ¢ — 0+. This kind of conditions is
what we are looking for. For general hyperbolic conservation laws, there are many of them. We list
some of them below.
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(OL)

(GL)

(K)

Lax’s entropy condition: across a shock (uy, u,-) with speed o, the Lax’s entropy condition is
Ao >0 > A\, (5.13)

where )y (\,) is the left (right) characteristic speed of the shock.

The meaning of this condition is that the information can only enter into a shock, then disap-
pear. It is not allowed to have information coming out of a shock. Thus, if we draw character-
istic curve from any point (z, t) backward in time, we can always meet the initial axis. It can
not stop at a shock in the middle of time because it would violate the entropy condition. In
other words, all information can be traced back to initial time. This is a causality property. It
is also time irreversible, which is consistent to the second law of thermodynamics. However,
Lax’s entropy is only suitable for flux f with f” # 0.

Oleinik-Liu’s entropy condition: Let

Fw) = f(0)

o(u,v) = s

The Oleinik-Liu’s entropy condition is that, across a shock
o(ug,v) > o(ug,uy) (5.14)
for all v between u, and u,. This condition is applicable to nonconvex fluxes.

The above two conditions are conditions across a shock. Lax proposed another global entropy
condition. First, he define entropy-entropy flux: a pair of function (n(u), g(u)) is called an
entropy-entropy flux for equation A weak solution u(z,t) is said to satisfy entropy
condition if for any entropy-entropy flux pair (7, ¢), u(z,t) satisfies

n(u(z,t))e + q(u(z,t), <0 (5.15)
in weak sense.

Another global entropy proposed by Kruzkov is for any constant c,

/Uoo /OO [lu — c|lpy + sign(u — ¢)(f(u) — f(c))pz] dz >0 (5.16)

for all positive smooth ¢ with compact support in R x (0, c0). (GL) = (K):

For any ¢, we choose n(u) = |u — ¢|, which is a convex function. One can check the cor-
responding g(u) = sign(u — ¢)(f(u) — f(c)). Thus, (K) is a special case of (GL). We may
remark here that we can choose even simplier entropy-entropy flux:

n(u) =uVe, qlu) = f(uVe),

where u V ¢ := max{u, c}.
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When the flux is convex, each of the above conditions is equivalent to the admissibility condi-
tion. When f is not convex, each but the Lax’s entropy condition is equivalent to the admissibility
condition.

We shall not provide general proof here. Rather, we study special case: the weak solution is
only a single shock (uyg, u,) with speed o.

Theorem 5.1. Consider the scalar conservation law @) with convex flux f. Let (ug,u,) be its
shock with speed o. Then the above entropy conditions are all equivalent.

Proof. (L) < (OL);

We need to assume f to be convex. This part is easy. It follows from the convexity of f. We leave
the proof to the reader.

(A) < (OL):

We also need to assume f to be convex. Suppose (uyg, u,) is a shock. Its speed

_ f(ur) — flug)

Up — Up

We shall find a solution of (5.12) such that its zero viscosity limit is (u¢, u,). Consider a solution
haing the form ¢((z — ot)/e). In order to have ¢ — (uy, u,), we need to require far field condition:

up & — —o0

u € — o0 (5.17)

o0 - {

Plug ¢((z — ot)/e) into (5.12)), integrate in £ once, we obtain
¢’ = F(¢). (5.18)

where F'(u) = f(u) — f(ug) — o(u — ug). We find F(uy) = F(u,) = 0. This equation with
far-field condition if and only if, for all u between uy and w,., (i) F'(u) > 0 when vy < u,,
or (ii) F'(u) < 0 when uy > wu,. One can check that (i) or (ii) is equivalent to (OL).

Next, we study global entropy conditions.
(A) = (GL)
If w is an admissible solution. This means that it is the limit of u“ which satisfy the viscous con-

servation law (5.12). Let (7, ) be a pair of entropy-entropy flux. Multiply (5.12) by 7'(u¢), we
obtain

n(u€)t =+ Q(ue)w = En,(ue)ua:ac
= en(u)ee — e’ (uf)?
)

(u
< En(ue Tx

We multiply this equation by any positive smooth test function ¢ with compact support in R X
(0, 00), then integrate by part, and take ¢ — 0, we obtain

/oOO /Z[”(“)¢t + q(u) ] dxdt > 0
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This means that (u); + g(u), < 0 in weak sense.

(K) = (OL) for single shock:

Suppose (ug, u,) is a shock. Suppose it satisfies (K). We want to show it satisfies (OL). The condi-
tion (GL), as applied to a single shock (ug, u, ), is read as

—on] +[g] <0.

Here, we choose 77 = |u — ¢|. The condition becomes

=0 (fur — ¢ = |ue = ¢f) + sign(ur — c)(f(ur) = f(¢)) = sign(ue — ) (f(ur) = f(¢)) <0

Or
— o (ug, ur ) (Jur — ¢| — |ug — ¢|) + |ur — clo(ur, c) — |ug — clo(ug,c) <0 (5.19)

We claim that this condition is equivalent to (OL). First, if c lies outside of u, and w,, then the
left-hand side of (5.19) is zero. So (5.19) is always true in this case. Next, if ¢ lies betrween u, and
u,, one can easily check it is equivalent to (OL). O

5.2.3 Rieman problem for nonconvex fluxes

The Oleinik-Liu’s entropy condition can be interpreted as the follows graphically. Suppose (ug, u; )
is a shock, then the condition (OL) is equivalent to one of the follows. Either uy > wu, and the graph
of f between wuy, u, lies below the secant (u,, f(u,)), (ug, f(ug)). Or uy < u, and the graph of
f between uy, u, lies above the secant ((ug, f(u¢)), (ur, f(ur-))). With this, we can construct the
solution to the Riemann problem for nonconvex flux as the follows.

If ug > w,, then we connect (ug, f(uyg)) and (u,, f(u,)) by a convex envelope of f (i.e. the
largest convex function below f). The straight line of this envelope corresponds to an entropy shock.
In curved part, f’(u) increases, and this portion corresponds to a centered rarefaction wave. Thus,
the solution is a composition of rarefaction waves and shocks. It is called a copmposite wave.

If uy < u,, we simply replace convex envelope by concave envelope.

Example. Consider the cubic flux: f(u) = %u?’. If up < 0, u, > 0 From uy, we can draw a line
tangent to the graph of f at u; = —uy/2. If u, > uj, then the wave structure is a shock (ug, u})
follows by a rarefaction wave (uj,u,). If u, < uj, then the wave is a single shock. Notice that in
a composite wave, the shock may contact to a rarefaction wave. Such a shock is called a contact
shock.

Homeworks.

1. For the flux f(u) = u3/3, construct the general solution to the Riemann problem for general
left/right states u, andu,.

5.3 Uniqueness and Existence

Theorem 5.2 (Kruzkov). Assume f is Lipschitz continuous and the initial data ug is in L' N BV.
Then there exists a global entropy solution (satisfying condition (K)) to the Cauchy problem for
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@. Furthermore, the solution operator is contractive in L', that is, if u, v are two entropy
solutions, then
[u(t) = o)z < [[u(0) —v(0)([ 11 (5.20)

As a consequence, we have uniqueness theorem and the total variation diminishing property:
T.Vau(-,t) <T.Vu(-0) (5.21)

Proof. The part of total variation diminishing is easy. We prove it here. The total variation of u is

defined by
+ h,t) — t
T.V.u(-,t) —Suph>0/ [ula })L u(@,t)]

We notice that if u(z, t) is an entropy solution, so is u(x + h, t). Apply the contraction estimate for
u(+,t) and v = u(- + h,t). We obtain the total variation diminishing property.

To prove the L'-contraction property, we claim that the constant c in the Kruzhkov entropy
condition (K) can be replaced by any other entropy solution v(t, x). That is

[ [tutt,a) = ot o)+ signtu(t,z) = ot ) (Fult,2)) = F(o(t )] dodt = 0

for all positive smooth 1) with compact support in R x [0, c0). To see this, we choose a test function
¢(s,x,t,y), the entropy conditions for u and v are

/ / (s, ) — ka5, £,) + sign(u(s, ) — k)(F(u(s,2)) — F(R))ba(s, 2,1, y)] dwds > 0

[ 10690 = Kl61(s.5.8.9) +signules) = W) (0(t,) = £y (5,2 1.)] dds > 0

Set k = v(t,y) in the first equation and k' = wu(s, z) in the second equation. Integrate the rest
variables and add them together. We get

/ / / {Ju(s, 2) — v(t, 9) (65 + 60) + sign(u(s, 2) — v(t,9)) - [ (u(s, 7)) — F(0(t,9))] - (ba + b))} dads dydt

Now we choose ¢(s,z,t,y) such that it concentrates at the diagonal s = ¢ and x = y. To do
50, let p(z) = h~!p(x/h) be an approximation of the Dirac mass measure. Let (T, X) be a
non-negative test function on (0, co) x R. Choosing

_ s+t z+vy s—1 T —y
¢(3=$,tvy)—¢< 2 ' 9 >Ph< 2 >Ph< 2 )7
we get

////ph <S;t> Ph <x;y) {IU(va)—v(t,y)\wT (5‘2”9«“;3/)

sign(uls, ) = o(t.9) - [ (u(s, ) = Futote, )] -vx (T35

>} dx dydsdt > 0.
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Now taking limit h — 0, we can get the desired inequality.
Next, we choose

P(t, ) = lan(t) —an(t — )] - [1 — an(|z] — R+ L(T — 1))],
where ap,(2) = [*__ pn(s) ds. We can get the desired L' contraction estimate. O

The existence theorem mainly based on the same proof of the uniqueness theorem. Suppose the
initial data is in L' N L> N BV, we can construct a sequence of approximate solutions which satisfy
entropy conditions. They can be construncted by finite difference methods (see the next section), or
by viscosity methods, or by wave tracking methods (by approximate the flux function by piecewise
linear functions). Let us suppose the approximate solutions are constructed via viscosity method,
namely, u® are solutions of

15 € _ 1>
U + f(u )HE = EUgg-

Following the same proof for (GL) = (K'), we can get that the total variation norms of the ap-
proximate solutions ¢ are bounded by T'.V.ug. This gives the compactness in L' and a convergent
subsequence leads to an entropy solution.

Remark. The general existence theorem can allow only initial data ug € L' N L>. Even the initial
data is not in BV, the solution immediately has finite total variation at any ¢ > 0.
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Chapter 6

Finite Difference Schemes For Scalar
Conservation Laws

6.1 Major problems

First of all, we should keep in mind that local stability is necessary in designing finite difference
schemes for hyperbolic conservation laws. Namely, the scheme has to be stable for hyperbolic
conservation laws with frozen coefficients, see Chapter 1. In addition, there are new things that
we should be careful for nonlinear equations. The main issue is how to compute discontinuities
correctly. We list common problems on this issue.

 Spurious oscillation appears around discontinuities in every high order schemes. The reason
is that the solution of finite difference scheme is closer to a PDE with higher order derivatives.
The corresponding dispersion formula demonstrates that oscillation should occur. Also, one
may view that it is incorrect to approximate weak derivative at discontinuity by higher order
finite differences. The detail spurious structure can be analyzed by the study of the discrete
traveling wave corresponding to a finite difference scheme.

To cure this problem, we have to lower down the order of approximation near discontinuities
to avoid oscillation. We shall devote to this issue later.

* The approximate solution may converge to a function which is not a weak solution. For in-
stance, let us apply the Courant-Isaacson-Rees (C-I-R) method to compute a single shock for
the inviscid Burgers equation. The C-I-R method is based on characteristic method. Suppose
we want to update the state U ]’-”1. We draw a characteristic curve back to time t,,. However,
the slope of the characteristic curve is not known yet. So, let us approximate it by U ]” Then
we apply upwind method:

At
Uptt = Uf = T URUL, - Uf) i UP >0
n+1 n __ At n(rrn n : n
Ut = Up = CUF (U] = Ufyy) iU <0
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Now, we take the following initial data:

Ul =

{1 forj <0
j

0 foryj>0

It is easy to see that U;" = U]Q. This is a wrong solution. The reason is that we use wrong
characteristic speed U" when there is a discontinuity passing z; from ¢y, to t,11.

To resolve this problem, it is advised that one should use a conservative scheme. We shall
discuss this issue in the next section.

* Even the approximate solutions converge to a weak solution, it may not be an entropy solution.
For instance, consider the invisid Burgers equation u; + uu, = 0 with the initial data:

o —1 forj<O0
J 1 forj >0

We define the scheme by

At
n+1 n n n rUn
Uj+ = Uj +E(F(Uj—1an>—F(Uj’ j+1))

where )
_JfU) tU+V =0
F(U’V)—{ V) U4V <0

) = F(Uj,,U}"). Thus, the solution is U = UY. This is a

We find that F(UJ’?,U" j—1:Y; j

) Jj+1
nonentropy solution.

6.2 Conservative schemes

A finite difference scheme is called conservative if it can be written as

At
n+l _ 7rn n+1/2 n+1/2
Ut =0 + (Bl = Fiag) (6.1)

where F"11/2 is a function of U™ and possibly U1, The advantage of this formulation is that the

j+1/2
S up=> vurtt (6.2)
J J

total mass is conservative:

There is a nice interpretation of F' if we view U;" as an approximation of the cell-average of the
solution u over the cell (x;_; /2> Tj41 /2) at time step n. Let us integrate the conservation law
uy + f(u)z = 0 over the box: (x;_1/2,Tj11/2) X (tn,tns1). Using divergence theorem, we obtain

At o, n
R +1/2 +1/2
uith =l + 7:13(‘)3—1/2 —fis1ja) (6.3)
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where

. 1 [Ti+1/2
uy = Aw/ u(x, ty,) dz

Tj—1/2
m+1/2 1 tnt1
VR 3 R ORPIL

Thus, in a conservative scheme @ we may view UJ" as an approximation of the cell average

u} and anl /2 as an approximation of the flux average f. :11/22 This formulation is closer to the
original 1ntegral formulation of a conservation, and it does not involve derivatives of the unknown
quantity u.

A conservative scheme is consistent if F_; o(U,U) = f(u), where U is a vector with U; = w.
For explicit scheme, F} 1/ is a function of U™ only and it only depends on U VIRPRE Uj’“ﬁrm
That is

Fj+1/2 = F(U}ZZJA? T 7U]n+m)'
We usually assume that the function is a Lipschitz function.

The most important advantage of conservative schemes is the following Lax-Wendroff theorem.

Which says that its approximate solutions, if converge, must to a weak solution.

Theorem 6.1 (Lax-Wendroff). Suppose {U ]”} be the solution of a conservative scheme . The
Define upny = Uj' for [xj_1/9,%j11/2) X [tn,tn+1). Suppose uay is uniformly bounded and
converges to u almost everywhere. Then u is a weak solution of ([5.6).

Proof. Let ¢ be a smooth test function with compact support on R x [0, c0). We multiply (6.1) by
¢ and sum over j and n to obtain

o> epuptt—up) = Z Z B Fj1/2(U™) = Fiyr2(U™)]

n=0j=—o0 n 0j=—00

Using summation by part, we obtain

o o o oo oo
DBUTHD D (G =TI HD D (B — O Fiae(U") =0
j=—o00 n=1j=—o0 n=0j=—o0
Since ¢ is of compact support and ua ., hence F'(U"), are uniformly bounded, we obtain the conver-
gence in the above equation is uniformly in j and n. If (z;,t,) — (x,t), then from the consistency
condition, Fjy/2(U") — f(u(x,t)). We obtain that u is a weak solution. O

n+1/2

Below, we show that many scheme can be written in conservation form. We may view F it1/2

as a numerical flux at z ;¢ /2 between t,, and ¢,,41.

1. Lax-Friedrichs:
At

S U) + FU) + 5 ae

2

The second term is a numerical dissipation.

FIH2 — Uy, Ui =

j+1/2 (Uj = Ujt)- (6.4)
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2. Two-step Lax-Wendroff:

2 f(Un+1/2)

J+1/2 j+1/2
ur+U? At
n+l/2 +1 n n
Uj+1/2 = - 2 =+ IAT [f(Uj )= [( j+1>]

Homeworks.Construct an example to show that the Lax-Wendroff scheme may produce nonen-
tropy solution.

6.3 Entropy and Monotone schemes

Definition 6.1. A scheme expressed as

UMt =Gy, U y) (6.5)
is called a monotone scheme if
oG
>0,k=—4,---,m (6.6)
OUj+

In the case of linear equation, the monotone scheme is
m
n+l __ n
Uit = > axlUjsy,
k=—¢

with a;, > 0. The consistency condition gives ), ar = 1. Thus, a monotone scheme in linear
cases means that U}LH is an average of U]’?_ o U ]’-Erm. In the nonlinear case, this is more or less

“true.” For instance, the sup norm is nonincreasing, the solution operator is ¢!-contraction, and the
total variation is dimishing. To be precise, let us define the norms for U = {U;}:

Ul = Sup|Uj|
J

Ui = YUl
J

TV.(U) = Y U —Uj|
i

We have the following theorem.
Theorem 6.2. For a monotone scheme (6.3)), we have

(i) £°°- bound:
U™ oo < U0
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(ii) ¢'-contraction: if U, V are two solutions of (6.1)), then

||Un+1 _ Vn-‘rl”l < HUn _ VnHl (67)

(iii) total variation diminishing:

TV, (U™ < T.V.,.(U") (6.8)

(iv) boundedness of total variation: there exists a constant C such that

T.Veu(U)<C (6.9)

Proof. 1.
(fn—i-l n U
i - G( 2B j+m)

< G(maxU", - - ,maxU")

= maxU"
Hence, we have max U" T < max U™. Similarly, we also have min U > min U™,

2. Let us denote the vector (U}') by U", the scheme || by an operator U™t = G(U™).
U < V means that U; < Vj for each j. Denote by U \V V for the vector (max{Uj, V;}). The
monotonicity reads

GU)<GV)ifU < V.
We have G(U vV V') > G(V). Hence,

(GU)-GV)T<(GUVV)=GV)HT=GUVV)-G(V).

We take summation in j, and use conservative property of G, namely, > .(G(U)); = >_;

J Uj,
we obtain

D_(GU) =GV <D (U VV)=V); =3 (U-V)].

J J

Similarly, we have

D_(GV) =GU); <D (V-U)f,

J

Adding these two, we obtain the ¢'-contraction:

Z G(U); = G(V);| <> 1U; = Vil.

J
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3. Suppose U is a solution of . We take V" to be U}, ;. Then V" also satisfies (6.5). From
the ¢'-contraction property, we have

2NV U S 20
J
This shows the total variation dimishing property of (6.3).

4. The total variation of U in z,t with 0 < ¢ < T is defined by

-l gt o)

. j+1 J J
TV (U) = ;}j;ﬂ A Az At
N
= Y [TV UAL+ [[U™ — U]
n=0

N
= TV,U'T+ > |[U U
n=0

Here NAt = T. We claim that [|[U™! — U™||.1 < O(At). If so, then we obtain the result
with C < T + NO(At) < T + KT for some constant K. Now, we prove this claim:

Mot —up| = Z|G UL, = GUR - UD)
7

< ZL (U} = U7 |+ o+ (U = U]
J
< LU+m)*T.V..(U™).
Here, we have used that G is Lipschitz continuous. Hence, we conclude

D |Urtt —UF|At < O(At).
J
O

The boundedness of total variation of U in (x,t) implies that we can substract a subsequence
ua, which converges in L'. Below, we show that its limit indeed satisfies entropy condition.

Theorem 6.3. The limiting function of the approximate solutions constructed from a monotone
scheme satisfies Kruzkov’s entropy condition.

Proof. We choose n = (u—c¢)* = uV ¢ — c. The corresponding entropy fluxis q(u) = f(uVe) —

f(c). Itis natural to choose the numerical entropy flux to be Q(Uj—¢41, -+ , Ujm) = F(Uj—g41 V
¢, UpzmVe)—F(e,---,c). We have
(Un+1 \ C) = G( Jnfb o an—i-m) \ G(Ca T 7C)
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< GUj Ve, Uy, Vo)

= U] \/C‘i‘E[F(UJ_Z\/C, ,Uj+m71\/C)—F(Uj_z_;'_l\/c,"' ,Ujer\/C)]

At

= U]n V e+ Tx [Q(anféa aU]n-i—m—l) - Q(U;Lngl,-“ ) ]n+m)]

Multiply this inequality by ¢”, sum over j and n, and apply “summation-by-part”, then take limit
At, Az — 0. We obtain that « is an entropy solution. O

Theorem 6.4 (Harten-Hyman-Lax). A monotone scheme ((6.5)) is at most first order.

Proof. We claim that the modified equation corresponding to a monotone scheme has the following
form

up + f(u)y = At[B(u, \)ug]s (6.10)
where A = At/Aux,

1 & 1 oG
B=gy D WGk, u) =S f(w)? Gy ©.11)

"~ dup
k=t k

and 8 > 0 except for some exceptional cases. Since for smooth solution, the solution of finite
difference equation is closer to the modified equation, we see that the scheme is at most first order.
To show (6.10)), we take Taylor expansion of G about (ug, - - - , ug):
G(u—fa"' )um) = G(“Oa”' 7u0)
m
+ Z Gr.(ug — ug)

k=—¢

1 m
+-= Z Gj,k(uj —ug) (up — ug) + O(Aw)s

2
j:kz*e

m 1 m
= w4 Azu, g:e kG + §(Ax)2um kZ@ K2G,

1
+> 5(Agc)%g jkGjx + O(Az)?
7,k

m 1 m
= ug+ Azuy Z kG + §(A$)2 (Z k:QGkux>

k=—¢ k=—¢

1
+> §(Ax)2u§(jk — k)G, + O(Az)3
7,k

On the other hand,
G(u—_g,+ yum) =ug+ NF(a) — F(Tu))
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where @ = (u_g, -, Um—1), TU = (u_g41,- - , um). We differentiate this equation to obtain
G, = 507k + )\[Fk(ﬂ) — Fk_l(Tﬂ)}
G = AlFjr(a) = Fjor -1 (T)]

We differentiate the consistency condition F'(ug, - -+ ,ug) = f(up) to obtain

m—1
> Frluo, -+ s u0) = f'(uo).
B,

Therefore,
k=—1t
zm: kG = )\Z(Fk — Fr_1)k = =\ f'(uo)
k=—1t
DG —kPGn = AY (k)G —Gixl =0

Using this and the symmetry G ;, = G}, j, we obtain

. 1 )
Zij,k(ﬂf — k) = —3 > Gin(i—k)?=0.
-]7

Hence we obtain

1
Gu_g, s Um) = ug — Az f (u)uy + (iAw)zum Z K2Gy, + O(Ax)3
k
Now, from the Taylor expansion:
1
uy = up+ Atug + i(At)Qutt + O(At)3

— g — Atf(u) + (%At)?[ () ?us]s + O(AH?

Combine these two, we obtain that smooth solution of the finite difference equation satisfy the

modified equation up to a truncation error (At)?.
To show 3 > 0, from the monotonicity G > 0. Hence

A2 (u)? = <Zka> :(Zk\/@\/@f
Y KG- ) Gr =) kG

IN

The equality holds only when G (u, - - - ,u) = 0 forall k except 1. This means that G (ug, - - - , up,) =

u1. This is a trivial case.
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Chapter 7

Finite Difference Methods for
Hyperbolic Conservation Laws

Roughly speaking, modern schemes for hyperbolic conservation laws can be classified into the
following two categories.

1) flux-splitting methods
2) high-order Godunov methods

1) is more algebraic construction while 2) is more geometrical construction.
Among 1), there are

* artificial viscosity methods,
* flux correction transport (FCT),
* total variation diminishing (TVD),
* total variation bounded (TVB),
e central scheme,
* relaxation schemes,
* relaxed scheme.
Among 2), there are
* High order Godunov methods,
* MUSCL,
* piecewise parabolic method (PPM),

* essential nonoscillatory. (ENO)

In 1) we describe total variation diminishing method while in 2) we show the high order Godunov
methods.

95



7.1 Flux splitting methods

The basic thinking for these methods is to add a switch such that the scheme becomes first order
near discontinuity and remains high order in the smooth region.
Suppose we are given
F* alower order numerical flux

FH a higher order numerical flux

Define
— L H L
Fipp = Fli+e (L - Fly)
— H L H
= Pt =0 )Fy —Fiy)

Here, ¢ il is a switch or a limiter. We require

~ . ~ L . . .
qﬁj+% 0, i.e. Fj+% Fj+%, near a discontinuity,
. H . .
gijr% ~ 1, 1e. Fj+% ~ Fj+%, in smooth region.

InFCT, ¢ is chosen so that max U < max(U" |, UF, U, ) and min U > min(UP,, UP, U ).
Design Criterion for ¢, +1
7.1.1 Total Variation Diminishing (TVD)
Consider the linear advection equation
us +auy, =0, a>0.

We show the ideas by choosing

F].L+ ; = alj be upwind’s flux, and

2

iji 1= aUj + 2a(1 — %€L)(Uj41 — U;)  be Lax-Wendroff’s flux.

Then the numerical flux is
1 alAt

Here



Theorem 7.1. 1. If ¢ is bounded, then the scheme is consistent with the partial differential equa-
tion.

2. If 9(1) = 1, and ¢ is Lipschitz continuous( or C1) at 0 = 1, then the scheme is second order
in smooth monoton region.(i.e., u is smooth and u, # 0)

3. If0< @ < 2and0 < ¢(0) < 2, then the scheme is TVD.

Proof. 1. Fj+%(u, u) = f(u) = au.

2. Hint: Apply truncation error analysis.

3. From li the next time step U J’”l is
Ut = U} = ¢y (U]~ ULLy),

6,01 (U —UM)=0,

wp-ur )
where ¢7_; = v+ 1v(1 — v)(—2 e
i Ui

-1 A
v =

In other words, U;LH is the average of U and U7" | with weights (1 —¢7_;) and ¢} _,

Nl

U - Uit = (}11—0”( i1 = Uj)) = (Uf = (U} = Ujy))

= (1=)U = U}) + ¢ (Uf — }11)
Suppose 1 > ¢ > 0 Vj,n

‘Uﬁql Uf“lﬁ(l—c}“)! Mo = U+ G |Uf = Uy

YU UM < Y A= UK —UR 4+ Y U = Uy
J

J

= Z( UL =~ UF|+ Y eury, - UY|
- Z‘ J+1

then the computed solution is total variation diminishing.
Next, we need to find ¢ such that 0 < c;-l <1, Vj,n. Consider

¢ 1 Ui =Uj) =6, 1 (Uj = Uj1) 60,
Uj — Uj_l 9 41

G
= 1—1/—&—;1/(1—1/)( 0.,
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A sufficient condition for 0 < ¢j_; <1 Vjis

¢(9‘+l)
5 o0, 1)l <2 (7.2)
it
If9j+% <0, (;5(9]+%) = 0.
110 < 20 < 2,0 < ¢(0) < 2, then (7.2) is valid.
0
¢(0)
0) < 2
) ¢(0) <
o(0)
5 =2
1
0 1 2 0

Figure 7.1: The region in which ¢(6) should lie so that the scheme will be TVD.

7.1.2 Other Examples for ¢(0)

1.

2.

¢(0) = 1. This is the Lax-Wendroff scheme.

¢(0) = 0. This is Beam-Warming.

. Any ¢ between ¢p_y and ¢p_y with 0 < ¢ < 2,0 < @ < 2 1is second order.

Van Leer’s minmod
_0+10)
1+ 16|

¢(0)

It is a smooth limiter with ¢(1) = 1.

. Roe’s superbee

¢(0) = max(0, min(1,26), min(0, 2))
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2 R i 2 R RCCEEETEEE
! Beam-Warming
1. Lax-Wendroff 1
0o 1 2 0 0 1 2 0
¢(0) ¢(0)

9 Roe’s superbee
1 van Leer’s minmod
0 1 2 0 0 1 2 0

Figure 7.2: Several limiters

7.1.3 Extensions
There are two kinds of extensions. One is the a < 0 case, and the other is the linear system case.
For a < 0, we let
I 1 1
Fio = 50U+ Ujs) = 5lal (U1 = Uj)

alU;  ifa>0
an—H ifa<O

1 1 aAt
H
Fj+% = §Q(U]+U]+1)—§VG(U]+1—U]) V:E
Then

— L H L

Fied = Fj+% T ¢J+%(Fj+% - Fj+%)
1, .

_ FJLJF% + ¢J+%§(51gn(1/) —v)a(Ujy1 — Uj)

Wh . ) 9 Uy —Uy di =i . — i1
ere ;1 = ¢(0;,1), 0,1 = =t and j' = j —sign(v) = j + 1.

In the linear system case, our equation is
up + Augy = 0. (7.3)
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We can decompose A so that A = RAR™! with A = diag(\1,---,)\,) constituting by A’s
eigenvalues and R = [ry,--- ,r,] being right eigenvectors.That is, Ar; = \;r;. We know that
n

Uj+1 - Uj = Z Q5 Tk, let
k=1

At
Ve = )\kA
Qr . . .
O = 25§ =j—sign(w).
aj,k:
Therefore,
1
Fto= AU +Uj1) = |A|( j+1—Uj)
1 1 At
P = 5 AWU; +Ujs1) = §A7xA (Ujt1 = Uj)

where |A| = R|A|R™!. The numerical flux is

o L
Fj+é - Fj+

=

1 .
+ 5 Ek: &(0; 1) (sign(vg) — Vi) \ptj k7%

7.2 High Order Godunov Methods

Algorithm

1. Reconstruction: start from cell averages {U. ]”}, we reconstruct a piecewise polynomial func-
tion u(x, t,,).

2. “Exact” solver for u(x,t), t, <t < t,41. Itis a Riemann problem with initial data u(z, t,,).
3. Define

1 1
Ut = / P ) da.

_1
2

If 2. is an exact solver, using

tn+1
/ / us + f ) dxdt =0
tn _1

l\')

we have At
Un+1 Un+E(fj_l_fj+%)7

where fﬁ% = A fttn"“ f(&(a:ﬁ% ,t)) dt is the average flux. Thus 2. and 3. can be replaced by

2’. an ‘Exact solver” for u at « s t, <t < t,+1 to compute averaged flux f] +1
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_fj+1)

2

3. U =Ur + RE(f s
1. Reconstruction: We want to construct a polynomial in each cell. The main criterions are
(1) high order in regions where u is smooth and u, # 0
(2) total variation no increasing.
In other words, suppose we are given a function u(x), let
T, 1
U; = é /Iji; u(z) dx

From {U;}, we can use some reconstruct algorithm to construct a function @(z). We want the
reconstruction algorithm to satisfy

(1) |a(z) — u(z)| = O(Az)", where u is smooth in I; = (x];%,x]#%) and u, # O near I;.
(2) T.Va(zx) < T.Vau(z)(1+ O(Ax))
7.2.1 Piecewise-constant reconstruction
Our equation is
ug + f(u)z =0 (7.4)

Following the algorithm, we have

(1) approximate u(t, z) by piecewise constant function, i.e., {U ]”} represents the cell average of

(@, tn) over (z;_1,2;,1).

Az

<
|

Nl

8

it3

(2) solve Riemann problem
(), uj+1) on the edge z;
constant.

11 its solution ﬂ(ijr%,t),tn < t < tyy1 can be found, which is a
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(3) integrate the equation li over (z_ 1T, ) X (tn,tnt1)
1 T+l
_— UJ?’L""l = Ax/ Ak ﬂ(l‘,tn+1) dx
x

i-3

. At 1 I
= Uj +$At/tn (f(u(xj_2

A
= u?—i-?;[f(ﬂ(xj_%,tn_,_%))—f(ﬂ(xj+%,tn+%))]

=
\.(*#
=
Kﬁ
—
=g
8
.
+
\.C*F
N—
~——
QU
~

Example 1 f(u) =au a >0

Uj ifx—azj+%<at,tn<t<tn+1

Riemann problem gives u(x,t) =
p & (z,1) { f1 > atty <t <tnp

ujpr  ifr—uw;

1
n+3

uH% = ﬁ(xj+%,tn+%) = u;
Fio1i = aU;f%l = aUj
LUPT = U (U} )
This is precisely the upwind scheme.
Example 2 Linear system
ug + Augz =0

Let R"!AR = A = diag(\1,-- -, \,). We need to solve Riemann problem with initial data
(Uj,Ujqr1). Let L = (4q,--- ,4y) = R, 0;A = \it;,i = 1,...,n be the left eigenvectors.
Project initial data onto r1,...,7,

; U; T <Ti1
u(x = 2
(@:%n) Uiy > X1

2

by £ = 65, Y (Ciu(z, tn))ri = u(x, ty).

li(ur + Aug) =0
— it + Nz =0

— ozi(a:,t) = ai(a: — /\i(t — tn),tn)
= &u(flf — /\i(t — tn), tn)
a(z,t) = Z(m(x — Xt —tn), tn))rs

iy 1,t) = (Liii(m — Xt —tn),ta))ri + Y (it — Xi(t = tn), tn))7s

;>0 ;<0
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N|=

U.
Jts

= Z Ein’l”i—f— Z fin_;,_lTi
,A; >0 7,A;<0

_ oAt
Fiey = AU
= ) MU+ Y NiliUjar
iXi>0 iXi<0

solve @(x,t) for § = A
&(m,t) = Z )\Z&UJ’FZ + Z )\iéin+1ri
Ai>A A<

consider the following cases

DH A< <<\

a(x,t) = Z ﬁinTz‘ = Uj
Ai>A

Q) M <A< <o < Ay
ﬁ(a:,t) = Z&an‘ +€1Uj+17’1
=2

= Zfin’l”i + €1Uj+17‘1 — )\1€1Uj’l“1
=1
= Ui+ 4(Ujp —Uj)n
There is ajump gl(Uj-i-l — Uj)T’l
B M << A<A3< - <\

u(z,t) = Uj + 0(Ujpa = Uj)r1 + Lo(Uja — Uj)re
Therefore the structure of the solution of Riemann problem is composed of n waves ¢1 (U 41—

Ujri, -+ ,n(Uj41 — Uj)ry, with left state U, and right state U;1. Each wave propagate at

speed \; respectively.
A2 A Ny An

U]' :Dj+% Uj+1
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7.2.2 piecewise-linear reconstruction
(1) Reconstruction

Given cell average {U; }, we want to reconstruct a polynimial @(z, t,,) in each cell (z 1T )
2 2
under following criterions

a) high order approximation in smooth regions.
b) TVD or TVB or ENO

(2) Riemann solver
solve equation “exactly” for (¢, tp+1)-

Once we have these two, define U;‘H =Uj'+ [ L tt:“ f(ﬁ(xj_%,t)) - f(ﬁ(achr%,t)) dt. For

second order temporal discretization,

1 tn41 ~ ~
E ] f(U(.I'j_,'_%,t)) dt ~ f(U(fB]_'_%,tn_’_%)),
Ut U 2L fae, 1)) — Fi s tg)
J e j+3r oy

For Scalar Case

(1) Reconstruction
Suppose @(z, t,) = a + b(z — x;) + ¢(x — x;)?, want to find a, b, ¢ such that the average of
i =Uj.

Tl
l/ﬁz w(x,ty)de = Uj

a(x,tn) der = Ujfl

Tl
Lemma 7.1. Given a smooth function u(z), let U; = 2 ij]+l2 u(z) dx, and let u(z) =
-3

Uj+0U; %52 6Uj = (Ujy1 —Uj—1) /2, then |u(z) —u(z)| = O(Az)? forx € (:r:j_%,xj+%)

When v has discontinuities or u, changes sign, we need to put a “limiter” to avoid oscillation
of .

Example of limiters
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(a)
§U;

minmod(Uj 41 — U;,U; — Uj—1)

sign(Ujp1 — Uj) min{|Uj 1 — Uy, |Uj — U1} ifUjy1—Uj and

0

(b) 6U; = minmod (Y 5%=1 2(U; — U;_1),2(Uj 11 — Uj))

(2) Exact solver for small time step
Consider the linear advection equation

with precise linear data

w(z, ty) = {

Then

By

N

U; — Uj_1 have
the same sign
otherwise
u; + aug, = 0.
Uj—l-(SUjm;zj l’<:13j+%
Uj+1 + 5Uj+1x_gi+1 T>Ti,1
ﬂ(xﬁ% - a(t - tn)ytn) (CL > 0)
U; + 5Uj(wj+% - a(tn-&-% —ln) — xj)/Aw
1 aAt alAt
Ui+ 0Uj(z — ——) letv = —
it 3(2 2Ax) V= AL
T (U U (2 Y
an+% = CL(UJ +5U](2 2))

To compare with the TVD scheme, let 6U; = minmod(Uj41 — U;,U; — Uj—1)

1 1%

Fj—l—% = an+(§—§)a(Uj+1—Uj)-gbj+%
(;5- R minmod(UjH — Uj, Uj - Ujfl)
I+ Ujr1 —Uj
0 6<0
$0) =4 6 0<6<1 g Yi=Uia
1 0>1 Uj+1 = Uj
Its graph is shown in Fig.(7.3).
If a < 0, then
n+i 1 alt alt
— . (= <
u]‘f‘% U]+1+6U]+1( 9 QA.'I}) |Ax|_1
1 v
Fj+% = aUjn + 5Uj+1(_§ - 5))
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e e

Figure 7.3: The limiter of second order Godunov method

For System Case
ur + Auy =0 (7.5)

(1) Reconstruction
Construct @(z, t,,) to be a piecewise linear function.
T — Jjj)

(e, ty) = U + U7 (-

The slope is found by 6U}" = minmod(U; —U;_1, Uj11 —U;). We can write it characteristic-

wisely: let
afy, = G(U; - Ujoy),
affy = G(Uj1 —Uy),

minmod(aﬁk, afk).

Then 0U; = ) o k7.

(2) Exactly solver
We trace back along the characteristic curve to get « in half time step.

n+i ~
ujJrg = Zk:gku(«fﬂ_é — Ak(tn-ﬁ-% —tn),tn)rk
1 Vi, 1 Vi
= Z 6.(Uj + 5Uj(§ - ?))Tk + Z le(Ujs1 + 5Uj+1(_§ - 5))7%
Ae>0 A<

initial state of Riemann data (U;, Uj11) +

1 Vi 1 Vi
> (05 = FIredU; + 3 (te(=5) = 5)re)dUsa.
A <0

1 u(x,t re(x, 1,1
In another viewpoint, let u| 2 _be the solution of (7.5) with initial data = (@, ) ( i3 )
itsl 0 otherwise
1 — M\ A
n—&-% n n x]"‘% k2 J
= 08U
1 uj + Z kOUS( Ax

U, =
Jj+35.L
A >0

)T
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1
= uf+ >y U (5 = 5
>0
where (., r, are left / right eigenvector, A\, is eigenvalue and v, = Ag—ﬁt.
Similarly,
At
n+1 ZTjpl— AkS — T+l
Ap<0
1 Vi
= ujy - Z EkéUf+1(—§ - E)Tk
A <0

. ntl ntl . .. n+i
Then we solve (7.5) with(u. ¢ ,u. { ) asthe Riemann data. This gives u ., . Therefore
]+§,L ]+§,R ]+§

nt1 ntl A5t
2 2
U, = u. + E 06U, 1 (— r
J+% ]+%,L = k J+§( Az ) k
k=
n+i Vi
2 AR>0
n+3% n+3i Z Vi
oru. = u. — 00U 1 (——)r
i+ j+3.R = k ]+§( 2) k
k>
UnJr% + UnJr%
or un+% _ el iR 1 g sign(vy )l 0U e
j+i 9 9 gn(vg )Ly 15 k
here 6U.,, = U2 —U"'E
WRCTe 0853 = Vil r T Vel

7.3 Multidimension
There are two kinds of methods.
1. Splitting method.
2. Unsplitting method.

We consider two-dimensional case.
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7.3.1 Splitting Method

We start from
ut + Aug + Buy = 0. (7.6)

This equation can be viewed as
u = (—A0, — BOy)u.

Then the solution operator is:
o 1(A0:+Bdy)
)

which can be approximate by e 4% ¢=*B% for small ¢. Let A = — Ad,,, B = —BJ,, we have

= AT
Consider e!(A+5)
t2
B = 1 LA+ B) + 5 A+ B° + AB+BA) + -
t2 t2
Bt = (1+tB+ B+ )1+ 1A+ A + )

2
= 1+t(A+B)+%(A2+62)+t2BA+---

AB — BA
‘-‘61‘,(.»44-8) etB . et.A t2( 5 ) O(t3).
Now we can design splitting method as:

Given {U}'; },
1. For each j, solve u; + Au, = 0 with data {U J"} for At step. This gives Ugfj.
rrmn n At n n n n
Uiy =Ui; + E(F( is15,Uig) = F(US;, U 5)

where F'(U, V) is the numerical flux for u; + Au, = 0.
2. For each i, solve u; + Bu, = 0 for At step with data {UZ‘]} This gives Uffl.
- At - _ _
Ut =05+ ny CWUi-1 Uiy) = GG Uljan))

The error is first order in time n(At)? = O(At).
To reach higher order time splitting, we may approximate e*(A*5) by polynomials P(e'A, 'B)
or rationals R(etA, e'B). For example, the Trotter product (or strang splitting) is given by

HA+B) _ o3tAtBoStA | o).

For t = nAt,
1 1 1 1 1 1
AT o (B AAMBIALAY (3 ALA A FALA) (3 ALA A S ALAY,

1 1
eiAtAeAtBeAtAeAtBeAtA L. eAtAeAtBeZAtAuo

Trotter product is second order.
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7.3.2 Unsplitting Methods

The PDE is
w + f(u)g +g(u)y =0 (7.7)

Integrate this equation over (z; _1,2;,1) X (y;_1,9;, 1) X (tn,lnt1). We have
2 2 2 2

At ntd n+i At nyl nti
n+l _ 7 2 2 2 7 2
U’LJ N UZ,] + AfL‘ (flféd 7’+2J) + Ay( 7.777 gl’]‘i’%)
where
tn+1
~n+% o 1 + ’
i3 At /tn ful@iyyy3.1)) dt
tnt1
7n+% o 1 +
9iivt T AL /tn g(u(zi,y; 1,1)) dt.

n+2

n n n
Looking for numerical approximations F'(U;"; 1., Uty ;1) G(Ul, 5 Ul 50y) f0rf+ J+k,gl+&j+2.

We consider Godunov type method.

1. Reconstruction
- r — Ty Yy—Yj .
Wy, tn) = i+ 0ol (= )+ 0,V (T8 ) ind = (g3 0) X (451, 9501)
For example, ,U; ; = minmod(U; ; — Uiy1,5, Uit1,; — Ui j)-

2. We need to solve

ug + Aug + Buy = 0 with data{ (2, y,tn) for (z,y) €

0 otherwise
At
Wty 5) = Ui+ > Ui (—2 Az ) + 5yUm‘(A—J)
a>0 Yy
v v
= UL+ YU (5~ )+ B UI) ()
a>0
where v, = %7 vy = bAt . For system case, A}, \] are eigenvalues of A and B.
n+i 1
Ulisy, =Uli+ ) (5 —)(em 8,Ui j)rE +Z )Y - 8,U; )Y
2 AT>0
similarly,
+
U:&-;RJ i1 T Z —5 = 5 )l - 6:Uig)r; +Z K & UZ'H’J)
AL<0



1
n+3

Finally, solve Riemann problem wu; + Au, = 0 with data Z:éiL’j
i+%%RJ
.’.Unt% = Un+1% + Z b - 6U. . 1 .7
i+3.j i+3,L,j i+3,J

AE>0
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Chapter 8

Systems of Hyperbolic Conservation
Laws

8.1 General Theory

‘We consider
U1

Uz
u+ f(u)y =0, u=1| f: R™ — R"the flux 8.1

Un

The system is called hyperbolic if Yu, the n X n matrix f’(u) is diagonalizable with real
eigenvalues A\ (u) < Ao(u) < -+ < Ay (u). Let us denote its left/right eigenvectors by £;(u) /r;(u),
respectively.
It is important to notice that the system is Galilean invariant, that is , the equation is unchanged
under the transform:

t— X, x— Az, VA>0.

This suggests we can look for special solution of the form ().

We plug u(%) into (8.1) to yield

ol () + T =0

= fl(u)u = %u’
This implies that there exists ¢ such that v/ = r;(u) and ¥ = A;(u(%)). To find such a solution, we
first construct the integral curve of r;(u): v’ = r;(u). Let R;(uo, s) be the integral curve of r;(u)
passing through v, and parameterized by its arclength. Along R;, the speed \; has the variation:

d
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We have the following definition.
Definition 8.1. The ¢-th characteristic field is called

1. genuinely nonlinear if V;(u) - 7;(u) # 0Vu.

2. linearly degenerate if V\;(u) - 7i(u) =0

3. nongenuinely nonlinear if V\;(u) - 7;(u) = 0 on isolated hypersurface in R".

For scalar equation, the genuine nonlinearity is equivalent to the convexity( or concavity) of the
flux f, linear degeneracy is f(u) = au, while nongenuine nonlinearity is nonconvexity of f.
8.1.1 Rarefaction Waves
When the ¢-th field is genuiely nonlinear, we define

R (ug) = {u € Ri(uo)|Ni(u) > Ai(uo)}-

Now suppose u; € R; (ug), we construct the centered rarefaction wave, denoted by (ug, u1):

. uo if § < Ai(uo)
(uo,ul)(¥) = (5% lf% Z Az(ul)
uif Aj(ug) < F < Aj(ur)and;(u) = £

It is easy to check this is a solution. We call (ug, u1) an i-rarefaction wave.

Ug Uy

Figure 8.1: The integral curve of ' = r;(u) and the rarefaction wave.

8.1.2 Shock Waves

The shock wave is expressed by:

E)_ ug for ¥ <o
o) =

U
( uyp for§ >o

Then (ug, u1, o) need to satisfy the jump condition:
fu1) = f(uo) = o(u1 — up). (8.2)
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Lemma 8.1. (Local structure of shock waves)

1. The solution of for (u, o) consists of n algebraic curves passing through ug locally,
named them by S;(ug),i=1,--- ,n.

2. Si(uo) is tangent to R;(ug) up to second order. i.e., SZ.(k) (ug) = Rl(k) (up), k = 0,1,2, here
the derivatives are arclength derivatives.

3. oi(ug, u) = Ai(uo) as u — ug, and o (ug, up) = %)\;(uo)

Proof. 1. Let S(up) = {u|f(u) — f(up) = o(u—wup) for some o € R}. We claim that S(ug) =

n

U Si(ug), where S;(ug) is a smooth curve passing through uy with tangent r;(ug) at ug.
i=1
When u is on S(ug), rewrite the jump condition as

1
F(w) = flu) = [ [0+t ) at] 0= o)

= A(ug,u)(u — ugp)

= o(u—up)

u e S(ug) <= (u— ug) is an eigenvector of A(uq, u).

Assume A(u) = f'(u) has real and distinct eigenvalues A1 (u) < --- A (u), A(ug,u) also

has real and distinct eigenvalues Aj (ug, u) < --- < Ap(uo,u), with left/right eigenvectors
li(up,u) and 7 (up, u), respectively, and they converge to i(ug), 4i(up), ri(ug) as u — wg
respectively. Normalize the eigenvectors: ||7;|| = 1,¢;7; = d;;. The vector which is parallel

to r; can be determined by

Cr(uo, u)(u —ug) = 0fork #ik=1,--- ,n.
Now we define
Si(ug) = {ullp(uo,w)(u —ug) =0,k £i,k=1,--- ,n}

We claim this is a smooth curve passing through ug. Choose coordinate system 71 (ug), - - - , 7 (u0)-
Differentiate this equation £ (ug, u)(u — ug) = 0 at u = ug in 7;(ug) direction:

0 ~ -
o (Ui (ug, u)(u — up)) = L. (uo, uo) - Tj(uo) = Ojk,
J lu=ug

Thus, this is the Jacobian matrix of the map: £j,(ug, u)(u — ug) at ug. Itis an (n — 1) x n
full rank matrix. By the implicit function theorem, the set S;(ug) is a smooth curve passing

through ug.
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2,3. Ri(ug) = up = S;(up)
f(u) = f(uo) = oi(uo, u)(u —ug) Vu € Si(uo)
Take arclength derivative along S;(ug)
(v’ = ol(u — up) + oju’ and v’ = S.
When u — ug
£ (u0)Si(uo) = oi(uo, uo)Si(uo)
= Si(ug) = 7;(up) and o (ug, ug) = \i(ug).
Consider the second derivative.
(f" () o) + f(u)u” = o (u — ug) + 20; - v’ + o
At u = ug, v’ = S}(uo) = R}(up) = ri(up) and u” = S (up),
= (f"ri,ri) + ['S] = 20(ri + 0,5}
On the other hand, we take derivative of f/(u)r;(u) = \;(u)r;(u) along R;(up), then evaluate
at u = uyg.
(f"risri) + f/(Vri - ri) = X + X Vg - 1y,
where Vr; - r; = R
= (f' =) = Rf) = (207 = N)r
Taking inner product with ¢; leads to
207 = \l.

Let S/ — R =" ayri(up). Taking inner product with ¢ leads to
e

Z()\k —XN)agry =0= a =0Vk #1

ki
On the other hand, from (R}, R}) = 1 and (S}, S]) = 1, we get (R, R,) = 0 and (S, S}) =
0. Since R, = S} = r;, we then get

(5" — R, i) = 0.

Hence S/ = R/ at ug. Hence R} = S/ at ug.
O

Suppose the i-th characteristic field is genuinely nonlinear. The Lax entropy condition reads
Ai(uwo) > oi(ug,ur) > Ai(uq) (8.3)
Let us define S; (ug) to be the branch of S;(ug) which satisfies entropy condition:
Si(uo) == {u € Si(uo)|Xi(u) < Ai(uo)}
Then for u; € S;° (up), and u3 ~ ug, 1} is always valid. This follows easily from \; = 202 and

oi(uo, ug) = Ai(uog). For u; € S; (ug), we call the solution (ug, u1) an i-shock or Lax-shock.
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8.1.3 Contact Discontinuity (Linear Wave)

If VAi(u) - (u) = 0, we call the i-th characteristic field linearly degenerate (¢. dg.). In the case of
scalar equation, this correspond f” = 0. We claim

RZ(’UJO) = S,L(UO) and ai(uo,u) = Al(uo) foru € S@(’UJO) or RZ(U())

Indeed, along R;(ug), we have
()’ = N(u)u'.

and \;(u) is a constant \;(ug) from the linear degeneracy. We integrate the above equation from
to u along R;(up), we get

f(u) = fluo) = Ai(uo)(u — uo).
This gives the shock condition. Thus, S;(ug) = R;(ug) and o (u, ug) = A;(uo).

Homeworks.
< oi(ug,ur)
> o(ug, u1)

(uo,u1) = { oo

U1

B8

Let T;(uo) = R; (uo) U S; (uo) be called the i-th wave curve. For uy € Tj(ug), (ug, u1) is either a
rarefaction wave, a shock, or a contact discontinuity.

Theorem 8.1. (Lax) For strictly hyperbolic system (8.1)), if each field is either genuinely nonlin-
ear or linear degenerate, then for uy, ~ up, the Riemann problem with two end states (ur,uR)
has unique self-similar solution which consists of n elementary waves. Namely, there exist ug =

UL, Uy = uR such that (u;_1, u;) is an i-wave.
t
2-wave
n-wave
1-wave
Uy U2 Up—1
Uy = UL Uy = UpR
T
Proof. Given (aq,- -+ ,a,) € R™, we define u; successively as the follows. First we define uy =

ur,. Then we follow 77 curve from ug with length ;. This gives u; € T1(up) and (ug, u1) forms
a 1-wave with strength «; (measured by the arc length a;; on T} (ug). From uy, we follow T5(u1)
with length «a to ug. This gives (ug, ug) a 2-wave with strength aa. We continue this process until
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un = f(ur,aq,...,a,). This gives a map from strengths (s, ..., a;,) to the final state u,, with
f(ur,0,...,0) = ur. The mapping is C? because the curves T; € C2. Now, we are given the final
state ur. We solve the inverse problem

ur = f(up,aq,...,an).

This mapping is locally invertible because the Jacobian

of
@(UL707'“70) :Tk(UL), k‘zl,...,n
is invertible at u . By the inverse function theorem, when ug ~ w, there exists a unique o, ..., )

such that ur = f(ur,aq, ..., ap). a

8.2 Physical Examples

8.2.1 Gas dynamics

The equations of gas dynamics are derived based on conservation of mass, momentum and energy.
Before we derive these equations, let us review some thermodynamics. First, the basic thermo
variables are pressure (p), specific volume (7), called state variables. The internal energy (e) is a
function of p and 7. Such a relation is called a constitutive equation. The basic assumption are

de
Oop

Oe

>0, 2°
or

>0
p

T

Sometimes, it is convinient to express p as a function of (7, e).
In an adiabetic process (no heat enters or losses), the first law of thermodynamics (conservation
of energy) reads
de + pdT = 0. (8.4)

This is called a Pfaffian equation mathematically. A function o (e, 7) is called an integral of (8.4) if
there exists a function (e, 7) such that

do = p - (de + pdr).

Thus, ¢ = constant represents a specific adiabetic process. For Pfaffian equation with only two
independent variables, one can always find its integral. First, one can derive equation for y: from

oe = prand o7 = pp
and using o, = 0, We obtain the equation for u:

pir = (HP)e-

This is a linear first-order equation for u. It can be solved by the method of characteristics in
the region 7 > 0 and e > 0. The solutions of 1 and ¢ are not unique. If ¢ is a solution, so
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does ¢ with do = v(o)do for any function v(o). We can choose p such that if two systems are
in thermo-equilibrium, then they have the same value p. In other words, 4 is only a function of
emperical temperature. We shall denote it by 1/7". Such T is called the absolute temperature. The
corresponding o is called the physical entropy S. The relation do = u(de + pdr) is re-expressed as

de =TdS — pdr. (8.5)
For ideal gas, which satisfies the laws of Boyle and Gay-Lussac:
pT = RT, (8.6)

where R is the universal gas constant. From this and (8.5)), treating S and 7 as independent variables,
one obtains
Reg(S,7)+ e (S,7) = 0.

We can solve this linear first-order equation by the method of characteristics. We rewrite this equa-
tion as a directional differentiation:

This means that e is constant along the characteristic curves

dr
R—=r.
s
These characteristics can be integrated as
re R = ¢,

Here ¢ is a positive constant. The energy e(7, S) is constant when e~/ is a constant. That is,

e = h(¢) for some function h. We notice that ' < 0 because p = —(%)5 = —e 3/Bp/(rH) > 0.
From T = (9%); = — %1/ ($) - ¢, we see that T is a function of ¢. In most cases, T is a decreasing
function of ¢. We shall make this as an assumption. With this, we can invert the relation between
T and ¢ and treat ¢ as a decreasing function of T". Thus, we can also view e as a function of T, say
e(T'), and e(T") is now an increasing function. Now, we have five thermo variables p, 7, e, S, T, and
three relations:

pr = RT
e = e(T)
de = TdS —pdr

Hence, we can choose two of as independent thermo variables and treat the rest three as dependent
variables.

For instance, e is a linear function of 7', i.e. e = ¢, T, where ¢, is a constant called specfic heat
at constant volume. Such a gas is called polytropic gas. We can obtain

pT

pr=RT ande = ¢, T =
v—1

8.7
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or in terms of entropy,

p = AT

A
T = g)T_V'H
. - C”‘;(S)T—’YH

where

A(S) = (v—1exp((S—S5o)/cv)
v = 14+ R/c,

If we define d() = T'dS, it is easy to see that ¢, and ¢, are the specific heat at constant volume and
constant pressure, respectively.

_(0Q\ ([0
v = (ar).= (@),

o = (52) = (Goo i

( de ) N ( or >

= —_— p —_—

oT » oT »

In general, ¢, > c,. Because ¢, is the amount of heat added to a system per unit mass at constant

pressure. In order to maintain constant pressure, the volume has to expand (otherwise, pressure will

increase), the extra amount of work due to expansion is supplied by the extra amount of heat ¢, —c,.
Next, we derive the equation of gas dynamics. Let us consider an arbitrary domain Q C R3.

The mass flux from outside to inside per unit time per unit area dS is —pv-, where n is the outer
normal of 2. Thus, the conservation of mass can be read as

4 pdx = /[—pv'n]ds
o0N

dt |,
= —/div(pv)dx
Q

This holds for arbitrary {2, hence we have
pt + div(pv) = 0. (8.8)

This is called the continuity equation.
Now, we derive momentum equation. Let us suppose the only surface force is from pressure
(no viscous force). Then the momentum change in 2 is due to (i) the momentum carried in through
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boundary, (ii) the pressure force exerted on the surface, (iii) the body force. The first term is —pvv-n,
the second term is —pn. Thus, we have

d
— [ pvdx = / —[pvv-n+pn]dS+/de
dt Jo 00

= / div[—pv ® v — pI| + F dx
Q
This yields
(pv)e + div(pv®@v) + Vp=F (8.9
Here, the notation V - pv ® v stands for a vector whoes ith component is > j 0; (pv'v7). The energy
per unit volume is £ = % pv? 4 pe. The energy change in €2 per unit time is due to (i) the energy
carried in through boundary (ii) the work done by the pressure from boundary, and (iii) the work

done by the body force. The first term is —Fv - n. The second term is —pv - n. The third term is
F' - v. The conservation of energy can be read as

d
/de:/[—Ev-n—pv'n]ds—i-/F'vd:z:
dt Jo 0 Q

By applying divergence theorem, we obtain the energy equation:
Ey + div[(E + p)v] = pF - v. (8.10)
In one dimension, the equations are (without body force)

pt+ (pu)e
(pu)e + (pu® +p)a =
Ly Ly
(500 + o)+ [(Gpud +e+p)uls = 0.
Here, the unknowns are two thermo variable p and e, and one kinetic variable u. Other thermo
variable p is given by the constitutive equation p(p, €).

8.2.2 Riemann Problem of Gas Dynamics

We use (p, u, S) as our variables.

p v op 0 p
fel Ps —
U + o U =0
S/, 0 0 wu S/,
Where p(p, S) = A(S)p?,7 > 1and 2 = %—1; . The eigenvalues and corresponding eigenvectors
are s
AM=u-—c Ay =1u A3=u-+c
p —Ps p
r =1 —c Ty = 0 rg=1 c
0 ? 0

b = (C7 P, %) by = (0707 1) l3 = (Cyp? %)
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Note that

VAL = %(%pppp +C2) >0
Vg -r3= %(%pppp +C2) >0
VA -1r9=0.

Ry is the integral curve of (dp, du, dS) || r1 and (dp, du, dS) L ¢ and 3. Therefore on R,
(dp,du,dS) - (0,0,1) =0
(dp, du, dS) - (¢, p, 7£) = 0.
. dS = 0 along R;
cdp + pdu + %dS =0
cdp + pdu =0
c2dp+ PsdS +cpdu=0 = dP+ cpdu=0

On RQ, (Clp, du, dS) 1 61, @3

c2dp + cpdu + PsdS = 0
e 2
c“dp — cpdu + PsdS =0

. dP + cpdu =0
dP — cpdu =0
dP =0

— {duzO P70

On Rg, (dp, du, dS) 1 fl, EQ

Pe
u—uyg = TF ;dP::F(f—Eo)

0 = VA8 ——

Pp™" = A(S) = A(So) = Popy -

t—tly = Y(P)



Ri u=ug—o(P)
Rz u=ug+vo(P)

u

Figure 8.2: The integral curve of the first and the third field on the (u, P) phase plane.

On Ry, which is a contact discontinuity, du = 0, dP = 0. Therefore u = ug, P = Pj.
For Sl, Sg

pt+ (pu)z =0

(pu)t + (pu* + P)y = 0

(3pu? + pe)i + ((3pu? + pe + P)u), =0

Suppose the shock is along z — ot. Let v = u — o (standing shock)

Let
m = poYo = PV
which is from the first jump condition. The second jump condition says that
povg +P = p’+P
mvg+PFPy = mv+ P

P—-PF
m = —
vV — Vg
P — P
= —— % \wherer =1 isthe specific volume.
mT — M7y P
2 _ P—P,
v—vy = —%
(U—UO>2 = (1)—’1)0)2 = —(P—P())(T—To)
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The third one is

1

(§p0v§ + poeo + Po)vg = (%pv2 + pe+ P)v
== %’U%—i—eo—l-PoTo = %1}2+€+P7‘
By vi = m?78,v% = m272, m? = —1::7]_20,
= H(P,T):e—eo—i-P_;PO(T—TQ):O
Recall e = %. From H(P,7) =0,

Solve fot 7 in terms of P, Py, 19, then plug into

(u—up)® = —(P - Ry) (1 — 70)

Set ¢(P) = (P — Fy)

—1
et
S1 up — ¢o(P)
S3 = up+ ¢o(P)
Therefore,
TI(Z)- - UQ—¢0P P < P

P>PF

(P)

uy —¢o(P) P>D
(P)
(P) P<H

., = Juw—v(P) P>F
L ug — ¢po(P) P < Py
0. ug +Po(P) P <Py
3 up + ¢o(P) P> P

Now we are ready to solve Riemann Problem with initial states (pr, P, ur) and (pr, Pr, uR).
Recall that in the second field, [P] = [u] = 0.
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Figure 8.3: The rarefaction waves ans shocks of 1,3 field on (u, P) phase plane at left/right state



r Solution must satisty P > 0. If uy + ¢
l is less than u,. — ¢,., there is no solution.

Finding middle states Given Uy, := (pr,ur,Sr) and Ugr = (pr,ur,Sr), we want to find
two middle states Uy and Uyy such that (Ur, Ur) forms a 1-wave, (urr, Ugr) forms a 3-wave and
(Ur,Urr) forms a 2-wave. From jump condition of the 2-wave, we have Uy = (p, us, Sy) and
Urr = (p«, ux, Srr). With this, then S; and Sy; can be determined the equation on 77 (Uz) and
T3(Ur), respectively. The key step is to find (px, ).

Godunov gives a procedure to find the middle states (u., Px). The algorithm to find P, is to
solve

ug — foe(P) = ur =urr =u, + fr(P)

Yo(P) P <P
Jo(P) {¢§(P) Png

This is equivalent to

—ZL(’U,*—UL) = —PL.
Where
Pr_ P,
Zp = —P(—
" ()
PL *
J; = —P(—
L TL (PL)
and
B(w) WTHUH'WT_I w > 1
W= =L 1w <1
2\ﬁl w% v

This is an equation for (u., Py ). It can be solved by Newton’s method.

Approximate Riemann Solver Consider the Riemann data (ur,ur). We look for middle states
Uy = UL, UL, ..., Uy, = UR. SUPPOSE uy, ~ UR, the original equation can be replaced by

ur + A(w)uy =0,
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ur, +ur

where 4 = . We will solve this linear hyperbolic equation with Riemann data (ur, ug).

Let \;, ¢;, r; be eigenvalues and eigenvectors of A(«). Then the solution of the Riemann problem is
self-similar and has the form

u(%) =up+ Y (6 (up —up)) - i

/\i<%

One severe error in this approximate Riemann solver is that rarefaction waves are approximated
by discontinuities. This will produce non-entropy shocks. This is particularly serious in Godunov
method which uses Riemann solution at 2/t = 0. To cure this problem, we expand such a linear
discontinuity by a linear fan. Precisely, suppose A\;(u;—1) < 0, A;(u;) > 0, this suggests that there
exists rarefaction fan crossing § = 0. We then expand this discontinuity by a linear fan. Atz /t = 0,
we thus choose

Uy, = (1 — a)ui_l + aug,
—Ai(ui—1)
Ni(ui) — Ni(ui—1)”

A final remark, the above « can be replaced by Roe’s state in the application of gas dynamics.
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Chapter 9

Kinetic Theory and Kinetic Schemes

9.1 Kinetic Theory of Gases

9.2 Kinetic scheme

Assume the equilibrium distribution is go(&). It should satisfy (i) momentum conditions, (ii) equa-
tion of states (or flux condition), (iii) positivity. That is, the moment condition:

/ gotba(€) dE = U,

and flux condition:

/gofwa(f) d§ = Foc(U)'

For non-convex case f,
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