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1 Ordinary Differential Equations

An Ordinary Differential Equation is an equation of the form

dX(t)
— = fX(1),  te(0T), (1.1)
X(0) = Xo.

We have existence and uniqueness of the solution when f(¢,x) is continuous and Lips-
chitz with respect to its second variable, i.e. there exists a constant C independent of
t,x,y such that

|f(t,x) = f(t,y)] < Clo —yl. (1.2)

If the constant is independent of time for ¢ > 0, we can even take T' = +o00. Here X
and f(t, X (t)) are vectors in R™ for n € N and | - | is any norm in R".

Remark 1.1 Throughout the text, we use the symbol “C” to denote an arbitrary
constant. The “value” of C' may change at every instance. For example, if u(t) is a
function of ¢ bounded by 2, we will write

Clu(t)| < C, (1.3)

even if the two constants “C” on the left- and right-hand sides of the inequality may be
different. When the value “2” is important, we will replace the above right-hand side
by 2C. In our convention however, 2C' is just another constant “C”.

Higher-order differential equations can always been put in the form (1.1), which is
quite general. For instance the famous harmonic oscillator is the solution to

2" +w’z =0, w'=—, (1.4)

with given initial conditions z(0) and 2’(0) and can be recast as

%(ﬁ;) <L‘>=(_(Lz é) (ﬁ) (1), (ﬁ) <o>:<;,<(g>)). w5)

Exercise 1.1 Show that the implied function f in (1.5) is Lipschitz.

The Lipschitz condition is quite important to obtain uniqueness of the solution. Take
for instance the case n = 1 and the function z(t) = t*. We easily obtain that

'(t) =2y/z(t) te (0,+0), z(0) = 0.

However, the solution Z(t) = 0 satisfies the same equation, which implies non-uniqueness
of the solution. This remark is important in practice: when an equation admits several
solutions, any sound numerical discretization is likely to pick one of them, but not nec-
essarily the solution one is interested in.

Exercise 1.2 Show that the function f(t) above is not Lipschitz.
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How do we discretize (1.1)7 There are two key ingredients in the derivation of a
numerical scheme: first to remember the definition of a derivative

df _ flt+h)—f@) .. f@t)—ft—=h) . f(t+h)—f(t—h)
D= lim n = Jim h = Jim o !

and second (which is quite related) to remember Taylor expansions to approximate a
function in the vicinity of a given point:

L

h2 hn—i—l
f(t+h) = f(t)+hf(t)+ Ef”@) +ot () + !f("“)(t +5), (1.6)

(n+1)
for 0 < s <t assuming the function f is sufficiently regular.

With this in mind, let us fix some At > 0, which corresponds to the size of the
interval between successive points where we try to approximate the solution of (1.1).
We then approximate the derivative by

dX . X(t+Af) — X(1)
=t~ N . (1.7)

It remains to approximate the right-hand side in (1.1). Since X(¢) is supposed to be
known by the time we are interested in calculating X (¢t + At), we can choose f(t, X(t))
for the right-hand side. This gives us the so-called explicit Euler scheme

X(t+At) = X(t)
o = (X (). (18)

Let us denote by T,, = nAt for 0 < n < N such that NAt =T. We can recast (1.8) as

This is a fully discretized equation that can be solved on the computer since f(¢,z) is
known.

Another choice for the right-hand side in (1.1) is to choose f(t + At, X(t + At)).
This gives us the implicit Euler scheme

X1 = X+ AF((n+ DAL Xir),  Xo = X(0). (1.10)

Notice that this scheme necessitates to solve an equation at every step, namely to find
the inverse of the function z — = — f(nAt, z). However we will see that this scheme is
more stable than its explicit relative in many practical situations and is therefore often
a better choice.

Exercise 1.3 Work out the explicit and implicit schemes in the case f(¢,2) = Az for
some real number A € R. Write explicitly X,, for both schemes and compare with the
exact solution X (nAt). Show that in the stable case (A < 0), the explicit scheme can
become unstable and that the implicit scheme cannot. Comment.

We now need to justify that the schemes we have considered are good approximations
of the exact solution and understand how good (or bad) our approximation is. This
requires to analyze the behavior of X, as At — 0, or equivalently the number of points
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N to discretize a fixed interval of time (0,7") tends to infinity. In many problems, the
strategy to do so is the following. First we need to assume that the exact problem
(1.1) is properly posed, i.e. roughly speaking has good stability properties: when one
changes the initial conditions a little, one expects the solution not to change too much
in the future. A second ingredient is to show that the scheme is stable, i.e. that our
solution X,, remains bounded independently of n and At. The third ingredient is to
show that our scheme is consistent with the equation (1.1), i.e. that locally it is a good
approximation of the real equation.
Let us introduce the solution function g(¢, X) = g(t, X; AT) defined by

g(t, X) = X(t + AT), (1.11)

where ixX
%(Hr) = ft+7,X(t+7)), 0<7 <At
X(t) = X.

This is nothing but the function that maps a solution of the ODE at time t to the
solution at time ¢ 4+ At.
Similarly we introduce the approximate solution function ga.(t, X) for t = nAt by

(1.12)

Xnt1 = gar(nAt, X)) for0<n <N —1. (1.13)
For instance, for the explicit Euler scheme, we have
gat(nAt, X)) = X,, + Atf(nAt, X,,). (1.14)
For the implicit Euler scheme, we have
gai(nAL, X,,) = (x — Atf((n + 1At 2))H(X,,),

assuming that this inverse function is well-defined. Because the explicit scheme is much
simpler to analyze, we assume that (1.14) holds from now on.
That the equation is properly posed (a.k.a. well-posed) in the sense of Hadamard
means that
0(t. X) — g(t,Y)] < (1 + CAD|X — V|, (1.15)

where the constant C' is independent of £, X and Y. The meaning of this inequality is
the following: we do not want the difference X (¢t + At) — Y (¢t + At) to be more than
(1 4+ CAt) times what it was at time ¢ (i.e. | X — Y| = |X(¢) — Y (¢)|) during the time
interval At.

We then have to prove that our scheme is stable, that is to say

where (' is independent of Xy and 0 < n < N. Notice from the Lipschitz property of f
(with x = z and y = 0) and from (1.14) that

| Xni1] = |gac(nAt, X)) < (1 4+ CA)|X,| + CAt,



where C' is a constant. This implies by induction that
|Xo| < (14 CA"Xo| + ) (1 + CAFCAL < (14 CAHN (NALC + | Xo)).
k=0

for 1 <n < N. Now NAt =T and

cT
1+ —)V <7,
(14" <
which is bounded independently of At. This implies the stability of the explicit Euler
scheme.
We then prove that the scheme is consistent and obtain the local error of discretiza-
tion. In our case, it consists of showing that

9(nAt, X) — gar(nAt, X)| < CAE™ (1 + |X]), (1.17)

for some positive m, the order of the scheme. Notice that this is a local estimate.
Assuming that we know the initial condition at time nAt, we want to make sure that
the exact and approximate solutions at time (n 4+ 1)At are separated by an amount
at most of order At?. Such a result is usually obtained by using Taylor expansions.
Let us consider the explicit Euler scheme and assume that the solution X (t) of the
ODE is sufficiently smooth so that the solution with initial condition at nAt given by
X = X (nAt) satisfies

X((n+1)At) = X (nAt) + AtX (nAt) + ATtQX(nAt +5), (1.18)

for some 0 < s < At, where | X (nAt+s)| < C(1+|X]). Notice that the above property
is a regularity property of the equation, not of the discretization. We prove convergence
of the explicit Euler scheme only when the above reqularity conditions are met. These
are sufficient conditions (though not necessary ones) to obtain convergence and can be
shown rigorously when the function f(¢,z) is of class C! for instance. This implies that

X((n+1At) = g(nAt, X (nAt))

= X(NAt) + Atf(nAt, X (nAt)) + ATtQX(nAt +5)

At? .
= gAt(nAt, X(TLAt)) + TX(nAt + S).

This implies (1.17) and the consistency of the scheme with m = 1 (the Euler explicit
scheme is first-order). Another way of interpreting the above result is as follows: the
exact solution X ((n 4+ 1)At) locally solves the discretized equation (whose solution is
gai(nAt, X (nAt)) at time (n + 1)At) up to a small term, here of order At2.

Exercise 1.4 Consider the harmonic oscillator (1.5). Work out the functions ¢g and
ga for the explicit and implicit Euler schemes. Show that (1.15) is satisfied, that both
schemes are stable (i.e. (1.16) is satisfied) and that both schemes are consistent and of
order m =1 (i.e. (1.17) is satisfied with m = 1).



Once we have well-posedness of the exact equation as well as stability and consistency
of the scheme (for a scheme of order m), we obtain convergence as follows. We have

| X ((n+1)At) — X,p1] = [g(nAt, X (nAt)) — ga(nAt, X,,)|
< lg(nAt, X (nAt)) — g(nAt, Xo)| + [g(nAt, Xp) — gar(nAt, Xy))|
< (14 CAY)|X (nAt) — X, | + CA 1 + | X,,|)
< (1+ CAH)|X(nAt) — X,| + CAt™ 1,

The fist line is the definition of the operators. The second line uses the triangle inequality
X +Y|<|X|+]Y], (1.19)

which holds for every norm by definition. The third line uses the well-posedness of the
ODE and the consistency of the scheme. The last line uses the stability of the scheme.
Recall that C'is here the notation for a constant that may change every time the symbol
is used.

Let us denote the error between the exact solution and the discretized solution by

en = | X (nAt) — X,,|. (1.20)
The previous calculations have shown that for a scheme of order m, we have
Ent1 < CAL™ ™ + (1 4+ CAt)e,,.

Since g9 = 0, we easily deduce from the above relation (for instance by induction) that

n

en < CA™Y (14 CALF < CA™ i,

k=0

since (1 + CAt)* < C uniformly for 0 < k < N. We deduce from the above relation
that
en < CAL™,

since n < N = TAt~! This shows that the explicit Euler scheme is of order m = 1:
for all intermediate time steps nAt, the error between X (nAt) and X, is bounded by a
constant time At. Obviously, as At goes to 0, the discretized solution converges to the
exact one.

Exercise 1.5 Program in Matlab the explicit and implicit Euler schemes for the har-
monic oscillator (1.5). Find numerically the order of convergence of both schemes.

Higher-Order schemes. We have seen that the Euler scheme is first order accurate.
For problems that need to be solved over long intervals of time, this might not be
accurate enough. The obvious solution is to create a more accurate discretization. Here
is one way of constructing a second-order scheme. To simplify the presentation we
assume that X € R, i.e. we consider a scalar equation.



We first realize that m in (1.17) has to be 2 instead of 1. We also realize that the
local approximation to the exact solution must be compatible to the right order with
the Taylor expansion (1.18), which we push one step further to get

X((n+ 1)At) = X(nAt) + AtX (nAt) + ATRX(nAt) + ATZSBX(nAt +5) (1.21)

for some 0 < s < At. Now from the derivation of the first-order scheme, we know that
what we need is an approximation such that

X((n + D)AL) = ¢ (nAt, X) + O(AF).

An obvious choice is then to choose
) . At2 ..
gn; (AL, X) = X(nAt) + AtX (nAt) + TX(nAt).

This is however not explicit since X and X are not known yet (only the initial condition

X = X (nAt) is known when we want to construct g(AQt) (nAt, X)). However, as previously,
we can use the equation that X (t) satisfies and get that

X(nAt) = f(nAt, X)
X(nAt) = —(nAt, X) + ==(nAt, X) f(nAt, X),
ot ox
by applying the chain rule to (1.1) at t = nAt. Assuming that we know how to differ-
entiate the function f, we can then obtain the second-order scheme by defining

g (nAt, X) = X + Atf(nAt, X)
A2 /9 )
+7t(a—{(nm,x> n a_£< At, X) f(nAt, X)).

(1.22)

Clearly by construction, this scheme is consistent and second-order accurate. The regu-
larity that we now need from the exact equation (1.1) is that | X (nAt+s)| < C(1+]X]).
We shall again assume that our equation is nice enough so that the above constraint
holds (this can be shown when the function f(¢,x) is of class C? for instance).

Exercise 1.6 It remains to show that our scheme g(AQt) (nAt, X) is stable. This is left as

an exercise. Hint: show that |g(AQt) (nAt, X)| < (14 CAt))|X|+ CAt for some constant
C independent of 1 <n < N and X.

Exercise 1.7 Work out a second-order scheme for the harmonic oscillator (1.5) and
show that all the above constraints are satisfied.

Exercise 1.8 Implement in Matlab the second-order scheme derived in the previous
exercise. Show the order of convergence numerically and compare the solutions with
the first-order scheme. Comment.



Runge-Kutta methods. The main drawback of the previous second-order scheme is
that it requires to know derivatives of f. This is undesirable is practice. However, the
derivatives of f can also be approximated by finite differences of the form (1.7). This is
the basis for the Runge-Kutta methods.

Exercise 1.9 Show that the following schemes are second-order:

A A
DAL X) = X+ Atf (nAt + 7t X+ Tt f(nAt, X))

At
g8/nALX) = X+ [ fAL X) + f((n+ DAL X + Atf(nAL, X)) |

2 2A
o2manX) = X+ 5 [fnan X) +3f (0 + DAL X + 22 X))

These schemes are called Midpoint method, Modified Euler method, and Heun’s Method,
respectively.

Exercise 1.10 Implement in Matlab the Midpoint method of the preceding exercise to
solve the harmonic oscillator problem (1.5). Compare with previous discretizations.

All the methods we have seen so far are one-step methods, in the sense that X, only
depends on X,,. Multi-step methods are generalizations where X,,,; depends on X,
for k =0,--- ,m with m € N. Classical multi-step methods are the Adams-Bashforth
and Adams-Moulton methods. The second- and fourth-order Adams Bashforth methods

are given by

Xny1 = X+ g(i)»f(nAt,Xn) — f((n —1)At, X, 1))

+37f((n — 2)At, Xp—a) — 9f((n — 2)At, X,,_5)),
respectively.

Exercise 1.11 Implement in Matlab the Adams-Bashforth methods in (1.23) to solve
the harmonic oscillator problem (1.5). Compare with previous discretizations.



2 Finite Differences for Parabolic Equations

2.1 One dimensional Heat equation

Equation. Let us consider the simplest example of a parabolic equation

du 0*u
o —(t,z) — 52 —(t,z) =0, reR, te(0,T)

u(0,z) = ug(x), r e R

(2.1)

This is the one-dimensional (in space) heat equation. Note that the equation is also
linear, in the sense that the map ug(z) — u(z,t) at a given time ¢ > 0 is linear. In
the rest of the course, we will mostly be concerned with linear equations. This equation
actually admits an exact solution, given by

e P
VAar 4t
Exercise 2.1 Show that (2.2) solves (2.1).

u(t,z) =

)uO(y)dy- (2.2)

Discretization. We now want to discretize (2.1). This time, we have two variables
to discretize, time and space. The finite difference method consists of (i) introducing
discretization points X,, = nAz for n € Z and Ax > 0, and T,, = nAt for 0 <n < N =
T /At and Dt > 0; (ii) approximating the solution wu(t,z) by

Ur ~u(To, X;), 1<n<N,jeL. (2.3)

Notice that in practice, j is finite. However, to simplify the presentation, we assume
here that we discretize the whole line x € R.

The time variable is very similar to what we had for ODEs: knowing what happens
at T,, = nAt, we would like to get what happens at T,,.1 = (n + 1)At. We therefore
introduce the notation Un+1 -
—]'

W = ——x;

(2.4)

The operator 9; plays the same role for the series U as 2 does for the function u(t, x).

The spatial variable is quite different from the time variable. There is no privileged
direction of propagation (we do not know a priori if information comes from the left
or the right) as there is for the time variable (we know that information at time ¢ will
allow us to get information at time ¢ + At). This intuitively explains why we introduce
two types of discrete approximations for the spatial derivative:

—J“A_ Y; : and  0,U" = Y-t (2.5)
xXr

These are the forward and backward finite difference quotients, respectively. Now in
(2.1) we have a second-order spatial derivative. Since there is a priori no reason to
assume that information comes from the left or the right, we choose

o%u _ o — 200+ UL

o (T, X;) ~ 0,0,U7 = 0,0,U7 = —

0,U" =

(2.6)



Exercise 2.2 Check the equalities in (2.6).

Notice that the discrete differentiation in (2.6) is centered: it is symmetric with respect
to what comes from the left and what comes from the right. The finite difference scheme

then reads il
U™ -0 Ui =207+ U5 (27)
At Ax? ' '

This is clearly an approximation of (2.1). This is also the simplest scheme called the
explicit Euler scheme. Notice that this can be recast as

. . . . At
UpH = MU + U ) + (L=2007, A= o (2.8)

Exercise 2.3 Check this.

The numerical procedure is therefore straightforward: knowing U} for j € Z, we cal-
culate U ;‘H for j € Z for 0 < n < N — 1. There are then several questions that come
to mind: is the scheme stable (i.e. does U 7 remains bounded for n = N independently
of the choices of At and Ax)?, does it converge (is U} really a good approximation of
u(nAt, jAx) as advertised)?, and how fast does it converge (what is the error between
U7 and u(nAt, jAr))?

Exercise 2.4 Discretizing the interval (—10,10) with N points, use a numerical ap-
proximation of (2.1) to compute u(t, x) for t = 0.01,¢t = 0.1, ¢t = 1, and ¢t = 10 assuming
that the initial condition is ug(x) = 1 on (—1,1) and ug(z) = 0 elsewhere. Implement
the algorithm in Matlab.

Stability. Our first concern will be to ensure that the scheme is stable. The norm we
choose to measure stability is the supremum norm. For series U = {U,},ez defined on
the grid j € Z by Uj, we define

[Ulloe = sup [Uj]. (2.9)
JEZL
Stability means that there exists a constant C' independent of Az, Atand 1 <n < N =

T /At such that
IU™ oo = sup [UF| < CU°[|oc = C'sup |Uf]. (2.10)
JEZ JEZ

Since u(t,x) remains bounded for all times (see (2.2)), it is clear that if the scheme is
unstable, it has no chance to converge. We actually have to consider two cases according
as A < 1/2 or A > 1/2. When X\ > 1/2, the scheme will be unstable! To show this we
choose some initial conditions that oscillate very rapidly:

U? = (—1)¢, e >0.

Here ¢ is a constant that can be chosen as small as one wants. We easily verify that
|U?||oc = €. Now straightforward calculations show that

U} = P17 4+ (~177) + (1 = 20) (=1 e = (L - A (~L)e.

J
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By induction this implies that

UP = (1 —4\)"(—1). (2.11)

J

Now assume that A > 1/2. This implies that p = —(1 — 4\) > 1, whence
U |o = pe = 00 asn — 0.

For instance, for n = N = T/At, we have that ||UY| s, which was supposed to be

an approximation of sup |u(7,z)|, tends to infinity as At — 0. Obviously (2.10) is
Tz€R
violated: there is no constant C' independent of At such that (2.10) holds. In practice,

what this means is that any small fluctuation in the initial data (for instance caused by
computer round-off) will be amplified by the scheme exponentially fast as in (2.11) and
will eventually be bigger than any meaningful information.

This behavior has to be contrasted with the case A < 1/2. There, stability is obvious.
Since both A and (1 — 2)) are positive, we deduce from (2.8) that

U < sup{|UT |, |U7], [U}4 [} (2.12)
Exercise 2.5 Check it.

So obviously,
1T oo < 1T loo < 1U°]los-

So (2.10) is clearly satisfied with C' = 1. This property is referred to as a mazimum
principle: the discrete solution at later times (n > 1) is bounded by the maximum of the
initial solution. Notice that the continuous solution of (2.1) also satisfies this property.

Exercise 2.6 Check this using (2.2). Recall that ffooo e " dr = V.

Maximum principles are very important in the analysis of partial differential equations.
Although we are not going to use them further here, let us still mention that it is
important in general to enforce that the numerical schemes satisfy as many properties
of the continuous equation as possible.

We have seen that A < 1/2 is important to ensure stability. In terms of At and Ax,
this reads

At < %sz. (2.13)

This is the simplest example of the famous CFL condition (after Courant, Friedrich, and
Lewy who formulated it first). We shall see that explicit schemes are always conditionally
stable for parabolic equations, whereas implicit schemes will be unconditionally stable,
whence their practical interest. Notice that At must be quite small (of order Az?) in
order to obtain stability.

Convergence. Now that we have stability for the Euler explicit scheme when A < 1/2,
we have to show that the scheme converges. This is done by assuming that we have a
local consistency of the discrete scheme with the equation, and that the solution of the
equation is sufficiently regular. We therefore use the three same main ingredients as for
ODEs: stability, consistency, regularity of the exact solution.

11



More specifically, let us introduce the error series 2" = {zj”} jez defined by

zi = Ul —uf, where u} = u(nAt, jAzx).
Convergence means that [|z"||, converges to 0 as At — 0 and Az — 0 (with the
constraint that A < 1/2) for all 1 < n < N = T/At. The order of convergence is
how fast it converges. To simplify, we assume that A < 1/2 is fixed and send At — 0
(in which case Ax = VA71At also converges to 0). Our main ingredient is now the
Taylor expansion (1.6). The consistency of the scheme consists of showing that the real
dynamics are well approximated. More precisely, assuming that the solution at time
T, = nAt is given by u} on the grid, and that U = u}, we have to show that the real

] 7
n+1

solution at time u; ™" is well approximated by U j”“. To answer this, we calculate

T = Ol — 9,0,u’. (2.14)

The expression 7' is the truncation or local discretization error. Using Taylor expan-
sions, we find that

u(t + At) — u(t) ou At 0?u

= T+ =
At oyt gplits)
u(z + Az) = 2u(x) +u(z —Az) 0 u< )+ Ar 84u( )
Ax? a2 v 12 Oz* v ’
for some 0 < s < At and —Az < h < Az.
Exercise 2.7 Check this.
Since (2.1) is satisfied by u(t, z) we deduce that
At 0%u Az 0*u .
\ 0%u 1 0%, .

The truncation error is therefore of order m = 2 since it is proportional to Az?. Of
course, this accuracy holds if we can bound the term in the square brackets indepen-
dently of the discretization parameters At and Az. Notice however that this term only
involves the exact solution u(t, z). All we need is that the exact solution is sufficiently
regular. Again, this is independent of the discretization scheme we choose.

Let us assume that the solution is sufficiently regular (what we need is that it is
of class C?%, i.e. that it is continuously differentiable 2 times in time and 4 times in
space). We then deduce that

17|00 < CAZ* ~ CAt (2.15)

where C' is a constant independent of Az (and At since A is fixed). Since U™ satisfies
the discretized equation, we deduce that

Ozl — 0,0,2) = =77, (2.16)

12



or equivalently that

2 = Ny 4 2 ) + (1= 20)z) — At (2.17)
The above equation allows us to analyze local consistency. Indeed, let us assume that the
exact solution is known on the spatial grid at time step n. This implies that 2™ = 0, since
the latter is by definition the difference between the exact solution and the approximate
solution on the spatial grid. Equation (2.17) thus implies that
z}‘“ = —Atr},

so that

12" oo < CAE? ~ CAtAZ?, (2.18)

thanks to (2.15). Comparing with the section on ODEs, this implies that the scheme
is of order m = 1 in time since At? = At™*! for m = 1. Being of order 1 in time
implies that the scheme is of order 2 is space since At = AAz?. This will be confirmed
in Theorem 2.1 below.

Let us now conclude the analysis of the error estimate and come back to (2.17).
Using the stability estimate (2.12) for the homogeneous problem (because A < 1/2!)
and the bound (2.15), we deduce that

12" oo < 12|00 + CAtAZ®.
This in turn implies that
[12"|oe < NCAtAZ* < OTAZ>.

We summarize what we have obtain as

Theorem 2.1 Let us assume that u(t,z) is of class C** and that A\ < 1/2. Then we
have that
sup |u(nAt, jAz) — U'| < CAx?, (2.19)

JEZ;0<n<N

where C' is a constant independent of Ax and A < 1/2.

The explicit Euler scheme is of order 2 in space. But this corresponds to a scheme
of order 1 in time since At = AAz? < Az?/2. Therefore it does not converge very fast.

Exercise 2.8 Implement the explicit Euler scheme in Matlab by discretizing the parabolic
equation on z € (—10,10) and assuming that u(t, —10) = u(t,10) = 0. You may choose
as an initial condition ug(x) = 1 on (—1,1) and uy(z) = 0 elsewhere. Choose the dis-
cretization parameters At and Az such that A = 48, A = .5, and A = .52. Compare
the stable solutions you obtain with the solution given by (2.2).

Exercise 2.9 Following the techniques described in Chapter 1, derive a scheme of order
4 in space (still with At = AAz? and ) sufficiently small that the scheme is stable).
Implement this new scheme in Matlab and compare it with the explicit Euler scheme
on the numerical simulation described in exercise 2.8.
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2.2 Fourier transforms

We now consider a fundamental tool in the analysis of partial differential equations with
homogeneous coefficients and their discretization by finite differences: Fourier trans-
forms.

There are many ways of defining the Fourier transform. We shall use the following
definition

Feell© = 1O = [ e fla)an (220)
The inverse Fourier transform is defined by
Ffiw) = ) = o [ efee (221)

In the above definition, the operator F is applied to the function f(x), which it
maps to the function f(£). The notation can become quite useful when there are several
variables and one wants to emphasize with respect to with variable Fourier transform is
taken. We call the spaces of z’s the physical domain and the space of £’s the wavenumber
domain, or Fourier domain. Wavenumbers are to positions what frequencies are to times.
If you are more familiar with Fourier transforms of signals in time, you may want to
think of “frequencies” each time you see “wavenumbers”. A crucial property, which
explains the terminology of “forward” and “inverse” Fourier transforms, is that

aFoef =1, (2.22)

which can be recast as

r0 =g [ [ s sanie = [7 ([T ) s

e8] eiz{ 5
/_ dg=4(z),

o)

This implies that

the Dirac delta function since f(z) = [*°_d(z —y)f(y)dy by definition. Another way of
understanding this is to realize that

[F6)(¢) =1, [F 1] (x) = 6(z). (2.23)

The first equality can also trivially been deduced from (2.20).
Another interesting calculation for us is that

Fexp(=2a2)(6) = | expl— et (220

In other words, the Fourier transform of a Gaussian is also a Gaussian. Notice this im-
portant fact: a very narrow Gaussian (« very large) is transformed into a very wide one
(a~! is very small) are vice-versa. This is related to Heisenberg’s uncertainty principle
in quantum mechanics, and it says that you cannot be localized in the Fourier domain
when you are localized in the spatial domain and vice-versa.
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Exercise 2.10 Check (2.24) using integration in the complex plane (which essentially
says that [° e=Ple—in)® dp = s e~ 57" dx for p € R by contour change since z — e 7’
has no pole in C).

The simplest property of the Fourier transform is its linearity:

[Flof + Bg)I(§) = ol F F1(§) + BIFgl(&). (2.25)
Other very important properties of the Fourier transform are as follows:
LA 1 -
Fratnlle) = (e, FHea)© = 11 (2), (226)

for all y € R and v € R\{0}.
Exercise 2.11 Check these formulas.

The first equality shows how the Fourier transform acts on translations by a factor vy,
the second how it acts on dilation. The former is extremely important in the analysis
of PDEs and their finite difference discretization:

Fourier transforms replace translations in the physical domain by multipli-
cations in the Fourier domain.
More precisely, translation by y is replaced by multiplication by e™s.

The reason this is important is that you can’t beat multiplications in simplicity. To
further convince you of the importance of the above assertion, consider derivatives of
functions. By linearity of the Fourier transform, we get that

fx+h) - =) [Ff(@+n)E) — [Ff(@)](§) _ e -1

FEEE () = . -
Now let us just pass to the limit ~ — 0 in both sides. We get
(&) = [F16) = i€ f(©). (2.27)

Again,

Fourier transforms replace differentiation in the physical domain by multi-
plication in the Fourier domain.
d .
e 15 replaced by multiplication by €.
x
This assertion can easily been directly verified from the definition (2.20). However, it
is useful to see differentiation as a limit of differences of translations. Moreover, finite
differences are based on translations so we see how Fourier transforms will be useful in
their analysis.

One last crucial and quite related property of the Fourier transform is that it replaces
convolutions by multiplications. The convolution of two functions is given by

(fxg)(z) = /_OO flx—y)g(y)dy = /_OO fy)g(z —y)dy. (2.28)

More precisely,

The Fourier transform is then given by

[F(f = 9))(€) = [(£)a(€). (2.29)
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Exercise 2.12 Check this.

This important relation can be used to prove the equally important (everything is im-
portant in this section!) Parseval equality

/_ T f(©)Pde = 2n / " | f (@), (2.30)

e} —00

for all complex-valued function f(x) such that the above integrals make sense. We

show this as follows. We first recall that f (€) = f(=¢€), where f denotes the complex

conjugate to f. We also define g(z) = f(—=), so that §(¢) = f(—¢) using (2.26) with
v = —1. We then have

~

/_ i) e = / " fOF©)de = / T RO (—e)de = / T ROy
T (Fra)oe

27_00 9)(&

7(f *g)(0) using the definition (2.21) with x =0
(

thanks to (2.28)

T fy)g(—y)dy by definition of the convolution

—2r [ Wiy =2x [ 1wy
The Parseval equality (2.30) essentially says that there is as much energy (up to a factor

27) in the physical domain (left-hand side in (2.30)) as in the Fourier domain (right-hand
side).

Application to the heat equation. Before considering finite differences, here is an
important exercise that shows how powerful Fourier transforms are to solve PDEs with
constant coefficients.

Exercise 2.13 Consider the heat equation (2.1). Using the Fourier transform, show

that Dit.£)
at,§) L.
Here we mean 4(t,§) = [Fo_eu(t,x)](t,&). Solve this ODE. Then using (2.24) and

(2.28), recover (2.2).

Application to Finite Differences. We now use the Fourier transform to analyze
finite difference discretizations. To simplify we still assume that we want to solve the
heat equation on the whole line x € R.

Let ug(x) be the initial condition for the heat equation. If we use the notation

U"(jAx) = U = u(nAt, jAx),

the explicit Euler scheme (2.7) can be recast as

Urti(z) — U™(x) _ U@+ Az) + U"(z — Ax) — 20" (x)

A7 N , (2.31)
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where © = jAx. As before, this scheme says that the approximation U at time T, =
(n + 1)At and position X; = jAz depends on the values of U at time T,, and positions
X1, Xj, and X,;4;. It is therefore straightforward to realize that U™(X;) depends on
up at all the points X for j —n < k < j 4+ n. It is however not easy at all to get this
dependence explicitly from (2.31).

The key to analyzing this dependence is to go to the Fourier domain. There, trans-
lations are replaced by multiplications, which is much simpler to deal with. Here is how
we do it. We first define U°(x) for all points x € R, not only those points = X; = jAz.
One way to do so is to assume that

J

ug(z) = UY on ((] - %)Aaz, (j+ %)Ax : (2.32)
We then define U™(x) using (2.31) initialized with U%(z) = ug(z). Clearly, we have
Ut z) = (1 =20 U™ (z) + MU™(z + Az) + U™ (z — Ax)). (2.33)

We thus define U"(x) for all n > 0 and all z € R by induction. If we choose as initial
condition (2.32), we then easily observe that

UMx)=Ur  on ((j . %)Aaz, ( + %)A:c], (2.34)
where U} is given by (2.7). So analyzing U™(r) is in some sense sufficient to get infor-
mation on U}

Once U"(x) is defined for all n, we can certainly introduce the Fourier transform
U "(&) defined according to (2.20). However, using the translation property of the Fourier
transform (2.26), we obtain that

OmHL(e) = [1 A6 it 2)] 0 (€) (2.35)

In the Fourier domain, marching in time (going from step n to step n + 1) is much
simpler than in the physical domain: each wavenumber ¢ is multiplied by a coefficient

RA(€) = 1+ A8 47827 _9) =1 — 2\(1 — cos(EAT)). (2.36)

We then have that )
U"(&) = (Ra(&))"ti0(€)- (2.37)

The question of the stability of a discretization now becomes the following: are all
wavenumbers £ stable, or equivalently is (R(£))"™ bounded for all 1 <n < N =T/At?

It is easy to observe that when A\ < 1/2, |R)(§)] < 1 for all £&. We then clearly have
that all wavenumbers are stable since |U™(€)| < |io(€)|. However, when A > 1/2, we
can choose values of ¢ such that cos(§Ax) is close to —1. For such wavenumbers, the
value of Ry (€) is less than —1 so that U™ changes sign at every new time step n with
growing amplitude (see numerical simulations). Such wavenumbers are unstable.
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2.3 Stability and convergence using Fourier transforms

In this section, we apply the theory of Fourier transform to the analysis of the finite
difference of parabolic equations with constant coefficients.
As we already mentioned, an important property of Fourier transforms is that

9 i

ox

that is, differentiation is replaced by multiplication by £ in the Fourier domain. We use
this to define equations in the physical domain as follows

ou
E(t’ z)+ P(D)u(t,x) =0, t>0,z€eR (2.39)
u(0, ) = up(x), r €R.
The operator P(D) is a linear operator defined as
P(D)f(x) = F, (P Famef (1)) ) (2:39)
where P(i€) is a function of i¢. Here D stands for 2=. What the operator P(D) does

is: (i) take the Fourier transform of f(x), (ii) multiply f(¢) by the function P(i€), (iii)
take the inverse Fourier transform of the product.

The function P(i€) is called the symbol of the operator P(D). Such operators are
called pseudo-differential operators.

Why do we introduce all this? The reason, as it was mentioned in the previous
section, is that the analysis of differential operators simplifies in the Fourier domain.
The above definition gives us a mathematical framework to build on this idea. Indeed,
let us consider (2.38) in the Fourier domain. Upon taking the Fourier transform F,_.¢
term by term in (2.38), we get that

Mte)+ Pyt ) =0, >0, ceR,
ﬁ’(O?f) = ﬁ/0(&)7 f € R.

As promised, we have replaced the “complicated” pseudo-differential operator P(D) by
a mere multiplication by P(i€) in the Fourier domain. For every £ € R, (2.40) consists
of a simple linear first-order ordinary differential equation. Notice the parallel between
(2.38) and (2.40): by going to the Fourier domain, we have replaced the differentiation
operator D = % by €. The solution of (2.40) is then obviously given by

(2.40)

a(t, &) = e @ q0(€). (2.41)
The solution of (2.38) is then given by
u(t,z) = fgix(e_tp(iﬁ)) * Ug(x). (2.42)

Exercise 2.14 (i) Show that the parabolic equation (2.1) takes the form (2.38) with
symbol P(i) = &2

(ii) Find the equation of the form (2.38) with symbol P(i€) = &*.

(iii) Show that any arbitrary partial differential equation of order m > 1 in x with con-
stant coefficients can be written in the form (2.38) with the symbol P(i€) a polynomial
of order m.
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Parabolic Symbol. In this section, we only consider real-valued symbols such that
for some M > 0,
P(i€) > C|¢M, for all £ € R. (2.43)

With a somewhat loose terminology, we refer to equations (2.38) with real-valued symbol
P(i&) satisfying the above constraint as parabolic equations. The heat equation clearly
satisfies the above requirement with M = 2. The real-valuedness of the symbol is not
necessary but we shall impose it to simplify.

What about numerical schemes? Our definition so far provides a great tool to

analyze partial differential equations. It turns out it is also very well adapted to the

analysis of finite difference approximations to these equations. The reason is again that

finite difference operators are transformed into multiplications in the Fourier domain.
A general single-step finite difference scheme is given by

BAU™  (x) = AAU"(1), n >0, (2.44)

with U%(z) = ug(z) a given initial condition. Here, the finite difference operators are

defined by

AAU(z) = Z aU(r — aAz), BAU(x) = Z bsU(x — fAzx), (2.45)

a€ly ﬁEIB

where I, C Z and Ig C Z are finite sets of integers. Although this definition may look
a little complicated at first, we need such a complexity in practice. For instance, the
explicit Euler scheme is given by

Urtl(z) = (1 = 20)U"(x) + MU (x — Az) + U™ (z + Ax)).
This corresponds to the coefficients
b():l, a_lz)\,a[):l—z)\,al:/\,

and all the other coefficients a, and bz vanish. Explicit schemes are characterized by
the fact that only by does not vanish. We shall see that implicit schemes, where other
coefficients bs # 0, are important in practice.

Notice that we are slightly changing the problem of interest. Finite difference
schemes are supposed to be defined on the grid AzZ (i.e. the points z,, = mAx
for m € 7Z), not on the whole axis R. Let us notice however that from the definition
(2.44), the values of U™ on the grid AzZ only depend on the values of uy on the same
grid, and that U"*!(jAz) = U'"*", using the notation of the preceding section. In other
words U™ (jAx) does not depend on how we extend the initial condition wg originally
defined on the grid AzZ to the whole line R. This is why we replace U ;‘“ by U™ (z)
in the sequel and only consider properties of U™ (z). In the end, we should see how
the properties on U™ () translate into properties on U]’-”l. This is easy to do when
U"*1(x) is chosen as a piecewise constant function and more difficult when higher order
polynomials are used to construct it. It can be done but requires careful analysis of the
error made by interpolating smooth functions by polynomials. We do not consider this
problem in these notes.
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We now come back to (2.44). From now on, this is our definition of a finite difference
scheme and we want to analyze its properties. As we already mentioned, this equation
is simpler in the Fourier domain. Let us thus take the Fourier transform of each term
in (2.44). What we get is

( 3 bﬁe-mm‘f) 0+ (¢) = ( 3 aae-iamﬁ) 0 (¢). (2.46)
Belg aly

Let us introduce the symbols

A5 = (P aae ™), Ba() = (3 bae ), (2.47)

a€cly ﬁEIB

In the implicit case, we assume that

Ba(§) # 0. (2.48)
In the explicit case, Ba(§) = 1 and the above relation is obvious. We then obtain that
0" 1(€) = Ra()U"(€) = Ba(§) " Aa(OU"(&). (2.49)

This implies X
U (§) = Ra(§)to (). (2.50)

The above relation completely characterizes the solution U "(€). To obtain the solution
U™(z), we simply have to take the inverse Fourier transform of U"(¢).

Exercise 2.15 Verify that for the explicit Euler scheme, we have

2At
(Az)?

Ra(§)=1— (1 — cos(EAx)).
Notice that the difference between the exact solution @(nAt,§) at time nAt and its
approximation U"() is given by

a(nAt, &) = U™ () = (e — RE(€)) a0 (©). (2.51)

This is what we want to analyze.

To measure convergence, we first need to define a norm, which will tell us how far
or how close two functions are from one another. In finite dimensional spaces (such as
R™ that we used for ordinary differential equations), all norms are equivalent (this is a
theorem). In infinite dimensional spaces, all norms are not equivalent (this is another
theorem; the equivalence of all norms on a space implies that it is finite dimensional...)
So the choice of the norm matters!

Here we only consider the L? norm, defined on R for sufficiently regular complex-

valued functions f by /
00 1/2
111 = (| Wrtaypar) ", (252

—00

The reason why this norm is nice is that we have the Parseval equality

IF N = Vx| f@)]. (2.53)
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This means that the L? norms in the physical and the Fourier domains are equal (up
to the factor \/ﬂ) Most norms do not have such a nice interpretation in the Fourier
domain. This is one of the reasons why the L? norm is so popular.

Our analysis of the finite difference scheme is therefore concerned with characterizing

|lu(nAt, z) — U™ (x)||.

We just saw that this was equivalent to characterizing

["(©)ll = lla(nAt, €) = T (©)l] = |(e™"45 — RA(€) o &)

The control that we will obtain on €"(£) depends on the three classical ingredients:
regularity of the solution, stability of the scheme, and consistency of the approximation.

The convergence arises as two parameters, At and Az, converge to 0. To simplify
the analysis, we assume that the two parameters are related by

At
A= —— 2.54
AI‘M ) ( )
where M is the order of the parabolic equation (M = 2 for the heat equation), and
where A > 0 is fixed.

Regularity. The regularity of the exact equation is first seen in the growth of [e=2¢7()],

Since our operator as assumed to be parabolic, we have
|e AP | < o= CAHEM, (2.55)

Stability. We impose that there exists a constant C' independent of £ and 1 < n <
N = T/At such that

IRA(OI<C,  §€R, 1<n<N. (2.56)
The stability constraint is clear: no wavenumber £ can grow out of control.

Exercise 2.16 Check again that the above constraint is satisfied for the explicit Euler
scheme if and only if A < 1/2.

What makes parabolic equations a little special is that they have better stability prop-
erties than just having bounded symbols. The exact symbol satisfies that
|eantP(i§)’ < efanﬂg\M’ (257)
for some constant C'. This relation is important because we deduce that high wavenum-
bers (large &’s) are heavily damped by the operator. Parabolic equations have a very
efficient smoothing effect. Even if high wavenumbers are present in the initial solution,
they quickly disappear as time increases.
Not surprisingly, the finite difference approximation partially retains this effect. We
have however to be careful. The reason is that the scheme has a given scale, Az, at
which it approximates the exact operator. For length scales much larger than Az, we

21



expect the scheme to be a good approximation of the exact operator. For length of order
(or smaller than) Az however, we cannot expect the scheme to be accurate: we do not
have a sufficient resolution. Remember that small scales in the spatial worlds mean
high wavenumbers in the Fourier world (functions that vary on small scales oscillate
fast, hence are composed of large wavenumbers). Nevertheless, for wavenumbers that
are smaller than Az~!, we expect the scheme to retain some properties of the exact
equation. For this reason, we impose that the operator R satisfy

Ra(©)l S1-0lAsgl  for |Aug <+ 259
[Ra()l <1 for  [Azg] >, '
where v and ¢§ are positive constants independent of £ and Ax. We then have
Lemma 2.2 We have that
[RR(E)] < e AT for |Axg| <. (2.59)

Proof. We deduce from (2.58) that

‘RZ(f)‘ < enln(lf(S\A:):ﬂM) < efn(5/2)|Az§|M'

Consistency. Let us now turn our attention to the consistency and accuracy of the
finite difference scheme. Here again, we want to make sure that the finite difference
scheme is locally a good approximation of the exact equation. In the Fourier world, this

means that .
e APE) _ R, (€) (2.60)

has to converge to 0 as Az and At converge to 0. Indeed, assuming that we are given
the exact solution u(nAt,§) at time nAt, the error made by applying the approximate
equation instead of the exact equation between nAt and (n + 1)At is precisely given by

(7276 — Ra(€) ) a(nArt,€).

Again, we have to be a bit careful. We cannot expect the above quantity to be small
for all values of £&. This is again related to the fact that wavenumbers of order of or
greater than Ax~! are not captured by the finite difference scheme.

Exercise 2.17 Show that in the case of the heat equation and the explicit Euler scheme,
the error e” 208 — R, (€) is not small for all wavenumbers of the form ¢ = krAz~!
for k=1,2,....

Quantitatively, all we can expect is that the error is small when Az — 0 and At — 0.
We say that the scheme is consistent and accurate of order m if

|em 8P RA(6)] < CAtAZ™(1 + |]MT™),  Axl¢] < 7, (2.61)

where C' is a constant independent of &, Ax, and At.
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Proof of convergence. Let us come back to the analysis of £"(£). We have that

1

") = (e — RA(€)) ) e MTIRAPEO RE (£)ag (€),
0

3
|

e
I

using a” — b" = (a — b) S.p_) a" 1 *bF. Let us first consider the case |¢] < yAz~!. We
deduce from (2.57), (2.59), and (2.61), that

€™()] < CAtAZ™ (1 + [ )ne=CnaU™ |4(€))]. (2.62)

Now remark that
nAt‘és’MeanAth <.

Since nAt < T, this implies that
[e"(E)] < CAz™(1 4 [§]™)] a0 (£)]- (2.63)

So far, the above inequality holds for || < yAz~!. However, for || > yAz~!, we have
thanks to the stability property (2.56) that

" (E)] < 2[o(&)] < CAZ™ (L + [€]™)|a0(§)]- (2.64)
So (2.63) actually holds for every £. This implies that
1/2 /2
I = ([ r©ra) < caon( [ gpmiin©ra) . 269

This shows that ||€"| is of order Az™ provided that

[ i@ ra) < o (2.66)

The above inequality implies that ug(§) decays sufficiently fast as & — oo. This is
actually equivalent to imposing that ug(x) is sufficiently regular.

The Hilbert spaces H™(R). For a function v(x), we denote by v™(z) its nth deriva-
tive. We introduce the sequence of functional spaces H™ = H™(R) of functions whose
derivatives up to order m are square-integrable. The norm of H™ is defined by

[o]] e = Z/w ) v (2.67)

Notice that H® = L,, the space of square-integrable functions. It turns out that a
function v(z) belongs to H™ if and only if its Fourier transform 0(§) satisfies that

(fa+ermpeprd)” <o .

Exercise 2.18 (difficult) Prove it. The proof is based on the fact that differentiation
in the physical domain is replaced by multiplication by £ in the Fourier domain.

23



Notice that in the above inequality, we can choose m € R and not only m € N*.
Thus (2.68) can be used as a definition for the space H™ with m € R. The space H™
is still the space of functions with m square-integrable derivatives. Only the number of
derivatives can be “fractional”, or even negative!

Exercise 2.19 Calculate the Fourier transform of the function v defined by v(z) = 1 on
(—1,1) and v(x) = 0 elsewhere. Using (2.68), show that the function v belongs to every
space H™ with m < 1/2. This means that functions that are piecewise smooth (with
discontinuities) have a little less than half of a derivative in L? (you can differentiate
such functions almost 1/2 times)!

The relationship between (2.67) and (2.68) can be explained as follows:

v(x) is smooth <= 0(&) decays fast
in the physical domain in the Fourier domain.

This is another very general and very important property of Fourier transforms. The
equivalence between (2.67) and (2.68) is one manifestation of this “rule”.

Main result of the section. Summarizing all of the above, we have obtained the
following result.

Theorem 2.3 Let us assume that P(i§) and Ra(£) are parabolic, in the sense that
(2.43) and (2.58) are satisfied and that Ra(§) is of order m, i.e. (2.61) holds. Assuming
that the initial condition ug € H™, we obtain that

|lu(nAt,z) — U™ (x)|| < CAx™||uo]| grm, forall0 <n < N =T/At. (2.69)

We recall that At = MAxz™ so that in the above theorem, the scheme is of order m in
space and of order m/M in time.

Exercise 2.20 (difficult) Follow the proof of Theorem 2.3 assuming that (2.43) and
(2.58) are replaced by P(i€) > 0 and Ra(¢) < 1. Show that (2.69) should be replaced
by

lu(nAt, z) — U™ (x)|| < CAZ™||ugl| grm+n, forall 0 <n < N=T/At. (2.70)

Loosely speaking, what this means is that we need the initial condition to be more
regular if the equation is not regularizing. You can compare this with Theorem 2.1: to
obtain a convergence of order 2 in space, we have to assume that the solution u(t, z) is
of order C* is space. This is consistent with the above result with M = 2 and m = 2.

Exercise 2.21 (very difficult). Assuming that (2.58) is replaced by Ra(§) < 1, show
that (2.69) should be replaced by

|lu(nAt, z) — U™ (x)|| < CAzZ™||ug| gm+e, forall0 <n < N=T/At. (2.71)

Here ¢ is an arbitrary positive constant. Of course, the constant C' depends on €. What
this result means is that if we loose the parabolic property of the discrete scheme, we
still have the same order of convergence provided that the initial condition is slightly
more regular than being in H™.
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Exercise 2.22 Show that any stable scheme that is convergent of order m is also con-
vergent of order am for all 0 < o < 1. Deduce that (2.69) in Theorem 2.3 can then be
replaced by

|lu(nAt,z) — U™ (x)|| < CAz||ug|| gom, foral0 <n < N=T/At. (2.72)

The interest of this result is the following: when the initial data wug is not sufficiently
regular to be in H™ but sufficiently regular to be in H*™ with 0 < a < 1, we still have
convergence of the finite difference scheme as Az — 0; however the rate of convergence
is slower.

Exercise 2.23 Show that everything we have said in this section holds if we replace
(2.43) and (2.58) by

Re P(i€) > (I —1)  and  |Ra(6)] < 1—0|Azt[ + CAL  |Axg] <7,

respectively. Here, Re stands for “real part”. The above hypotheses are sufficiently
general to cover most practical examples of parabolic equations.

Exercise 2.24 Show that schemes accurate of order m > 0 so that (2.61) holds and
verifying |Ra(§)| < 1 are stable in the sense that

[Ra(€)] < (1+ CAs™AL) — d|Axg|™,  [Axg] <.

The last exercises show that schemes that are stable in the “classical” sense, i.e., that
verify |Ra(€)| < 1, and are consistent with the smoothing parabolic symbol, are them-
selves smoothing.

2.4 Application to the f schemes

We are now ready to analyze the family of schemes for the heat equation (i.e. P(i&) = &%)
called the 6 schemes.
The 6 scheme is defined by

oU™(x) = 00,0,U"(z) + (1 — 0)0,0,U™(x). (2.73)

Recall that the finite difference operators are defined by (2.4) and (2.5). When 6 = 0,
we recover the explicit Euler scheme. For § = 1, the scheme is called the fully implicit

Euler scheme. For § = 1/2, the scheme is called the Crank-Nicolson scheme. We recall
that At = \Az?

Exercise 2.25 Show that the symbol of the 6 scheme is given by
1—=2(1=6)A(1 — cos(AxE))
Ra(§) =
14+ 20\ (1 — cos(Ax))

Let us first consider the stability of the # method. Let us assume that 0 < 6 < 1. We
observe that Ra(£) < 1. The stability requirement is therefore that

(2.74)

nglnRA(f) 2 —1.
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Exercise 2.26 Show that the above inequality holds if and only if

(1-20)\ <

DN | —

This shows that the method is unconditionally L?-stable when 6 > 1 /2, i.e. that the
method is stable independently of the choice of A\. When 6 < 1/2, stability only holds
if and only if

1
A< —
= 2(1—26)

Let us now consider the accuracy of the  method. Obviously we need to show that
(2.61) holds for some m > 0.

Exercise 2.27 Show that
2 1 1
e =1 — Ate? + EAﬁg‘* — éAt3§6 + O(AtEY), (2.75)

and that

A2 Azt

260 (14+60X0+3600202) +O(ALE®), (2.76)

1
RA(§) = 1—At§2+AtA:c2(E+)\9)£4—
as At — 0 and Az¢ — 0.

Exercise 2.28 Show that the 6 scheme is always at least second-order in space (first-
order in time).
Show that the scheme is of order 4 in space if and only if

1 1

2 12\

Show that the scheme is of order 6 in space if in addition,

1
1+ 600 + 3600262 = 602, ie., \= E\@.

Implementation of the # scheme. The above analysis shows that the 6 scheme is
unconditionally stable when 6 > 1/2. This very nice stability property comes however
at a price: the calculation of U™*! from U™ is no longer explicit.

Exercise 2.29 Show that the 6 scheme can be put in the form (2.44) with
b_l == b1 == —9)\, bo =1 + 2)\9, a_1 = a1 = (1 — 9))\, ag = 1-— 2(1 — 9))\

Since the coefficient b; and b_; do not vanish, the scheme is no longer explicit. Let us
come back to the solution U defined on the grid AzZ. The operators Ax and Ba in
(2.45) are now infinite matrices such that

BAU™ M = A U™
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where the infinite vector U" = (U}')jez. In matrix form, we obtain that the operator
Ba for the 6 scheme is given by the infinite matrix

1420\  —6X 0 0 0
-0\ 1+20) —06X 0 0
Ba = 0 —OX  1+20N -0 0 (2.77)
0 0 —ON  1+20N —0OA
0 0 0 —O0X 1+ 20\
Similarly, the matrix Ax is given by
1—-2(1—-0)\ (1—=0)\ 0 0 0
(1—-6)A 1—2(1-0)\ (1—0)A 0 0
Ap = 0 (1—-0)A 1-2(1-0)A (1—=0)A 0
0 0 (1—-0)A 1-2(1-6)A (1 —=0)A
0 0 0 (1—-0)A 1—-2(1-0)A
(2.78)
The vector U™ is thus given by
Ul = (Ba) TAAU™. (2.79)

This implies that in any numerical implementation of the 6 scheme where 6 > 0, we need
to invert the system BAoU™™ = AAU™ (which is usually much faster than constructing
the matrix (Ba)~! directly). In practice, we cannot use infinite matrices obviously.
However we can use the NV x N matrices above on an interval of size NAz given. The
above matrices correspond to imposing that the solution vanishes at the boundary of
the interval (Dirichlet boundary conditions).

Exercise 2.30 Implement the 6 scheme in Matlab for all possible values of 0 < 6 <1
and A > 0.

Verify on a few examples with different values of § < 1/2 that the scheme is unstable
when A is too large.

Verify numerically (by dividing an initial spatial mesh by a factor 2, then 4) that the
0 scheme is of order 2, 4, and 6 in space for well chosen values of § and A. To obtain
these orders of convergence, make sure that the initial condition is sufficiently smooth.
For non-smooth initial conditions, show that the order of convergence decreases and
compare with the theoretical predictions of Theorem 2.3.
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3 Finite Differences for Elliptic Equations

The prototype of elliptic equation we consider is the following two-dimensional diffusion
equation with absorption coefficient

—Au(x) + ou(x) = f(x), x € R% (3.1)

Here, x = (z,y) € R?, f(x) is a given source term, o is a given positive absorption
coefficient, and

0? 0?

A=V = —— 4+ —

ox?  Oy?
is the Laplace operator. We assume that our domain has no boundaries to simplify. The
above partial differential equation can be analyzed by Fourier transform. In two-space
dimensions, the Fourier transform is defined by

(Faef)€) = fle) = [ e ¢rxax. (3.2)
RQ
The inverse Fourier transform is then defined by
~ 1 . ~
F A0 = 10 = o [ <@ (33

We still verify that the Fourier transform replaces translations and differentiation by
multiplications. More precisely, we have

~

[Frx+3))(€) =e¥4f(€),  [FVF)(E) =i&f(&). (3.4)

Notice here that both V and & are 2-vectors. This implies that the operator —A is
replaced by a multiplication by |€|? (Check it!). Upon taking the Fourier transform in
both terms of the above equation, we obtain that

(0 +1€Ma(e) = f(€). €€R (3.5)
The solution to the diffusion equation is then given in the Fourier domain by
: f(&)
= ) 3.6
ie) = Lo (3.6

It then remains to apply the inverse Fourier transform to the above equality to obtain
u(x). Since the inverse Fourier transform of a product is the convolution of the inverse
Fourier transforms (as in 1D), we deduce that

u) = (Foe )0+ )

= COKo(volx]) * f(x),

where K is the modified Bessel function of order 0 of the second kind and C' is a
normalization constant.
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This shows again how powerful Fourier analysis is to solve partial differential equa-
tions with constant coefficients. We could define mode general equations of the form

P(D)u(z) = f(z) = €R?,

where P(D) is an operator with symbol P(i&). In the case of the diffusion equation,
we would have that P(i€) = o + [£|?, i.e. P(i) is a parabolic symbol of order 2 using
the terminology of the preceding section. All we will see in this section applies to quite
general symbols P(i€), although we shall consider only P(i€) = o + |€|* to simplify.

Discretization. How do we solve (3.1) by finite differences? We can certainly replace
the differentials by approximated differentials as we did in 1D. This is the finite difference
approach. Let us consider the grid of points x;; = (iAxz, jAx) for i, j € Z and Az > 0
given. We then define

Usj =~ u(xy;), fij = f(Xij). (3.7)

Using a second-order scheme, we can then replace (3.1) by
_(axgx + aygy)U’ij + UUij = fij7 <Z7.]) € ZQ? (38)
where the operator d, is defined by

Uiy, — Ui

azUij = Az )

(3.9)

and 0,, d,, and 9, are defined similarly.
Assuming as in the preceding section that the finite difference operator is defined in
the whole space R? and not only on the grid {x;;}, we have more generally that

BU(x) = f(x), x € R?, (3.10)
where the operator B is a sum of translations defined by
BU(x) = Y bpU(x — Azp). (3.11)
Bels

Here, I is a finite subset of Z?, i.e. B = (031, 2), where 3; and 3, are integer. Upon
taking Fourier transform of (3.11), we obtain

(22 baem2P€)0(e) = f(e). (3.12)

Befﬁ

Defining

Ra(€) = (D b 272¢), (3.13)

,BEIL;

we then obtain that the finite difference solution is given in the Fourier domain by

N 1
e = RA(E)

29

(&), (3.14)



and that the difference between the exact and the discrete solutions is given by

. ~ B 1 1 A
i©) - 00 = (555 ~ @)@ (3.15)
For the second-order scheme introduced above, we obtain
RA(E) =0+ Alﬁ(Q — cos(Axg,) — cos(AzE,)). (3.16)

For Az|§| < m, we deduce from Taylor expansions that
[Ra(€) — P(i€)| < CAz*g[".

For Az|€| > 7, we also obtain that

C
|RA(§)| < N CAz* (€],
and
|P(i€)| < CAz?[€|.

This implies that
|Ra(€) — P(i€)] < CA2?[€[*

for all £ € R%. Since Ra(€) > o and P(i€) > C(1 + |£]?), we then easily deduce that
Ba(§) — P(i€)
RA(§)P(i€)

From this, we deduce that

(&) — U(€)| < CAZ* (1 + €| f(£)]-

Let us now square the above inequality and integrate. Upon taking the square root of
the integrals, we obtain that

< CAZ*(1+ |€)?). (3.17)

lae) - U@ < cae( [ v lepriferas) (318)

The above integral is bounded provided that f(x) € H%(R?), using the definitions (2.67)-
(2.68), which also hold in two space dimensions. From the Parseval equality (equation
(2.53) with v/27 replaced by 27 in two space dimensions), we deduce that

lu(x) = U)|| < CA2*|[f(x)l|r2(e2). (3.19)

This is the final result of this section: provided that the source term is sufficiently
regular (its second-order derivatives are square-integrable), the error made by the finite
difference approximation is of order Az?. The scheme is indeed second-order.

Exercise 3.1 Notice that the bound in (3.17) would be replaced by CAz*(1 + |£]*) if
only the Taylor expansion were used. The reason why (3.17) holds is because the exact
symbol P(i€) damps high frequencies (i.e. is bounded from below by C'(1+ |£|?). Show
that if this damping is not used in the proof, the final result (3.19) should be replaced
by

lu(x) = U)II < CAZ? || () e)-
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Exercise 3.2 (moderately difficult) Show that

Ba(§) — P(i§)
RA(§)P(i€)
for all 0 < m < 2. [Hint: Show that (Ra(£€))™" and (P(i€))~! are bounded and separate

|€|Az > 1 and |€]Az < 1].
Deduce that

< CAz™(1+ [€]™),

[u(x) = U)[| < CAZ™[| f ()| m e2),

for 0 < m < 2. We deduce from this result that the error u(x) — U(x) still converges to
0 when f is less regular than H?*(R?). However, the convergence is slower and no longer
of order Az?.

Exercise 3.3 Implement the Finite Difference algorithm in Matlab on a square of fi-
nite dimension (impose that the solution vanishes at the boundary of the domain). This
implementation is not trivial. It requires constructing and inverting a matrix as was
done in (2.79).

Solve the diffusion problem with a smooth function f and show that the order of con-
vergence is 2. Show that the order of convergence decreases when f is less regular.
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4 Finite Differences for Hyperbolic Equations

After parabolic and elliptic equations, we turn to the third class of important linear equa-
tions: hyperbolic equations. The simplest hyperbolic equation is the one-dimensional
transport equation

ou ou
a—%a%—o t>0, reR

u(0,z) = ug(x), r eR.

(4.1)

Here ug(x) is the initial condition. When a is constant, the solution to the above
equation is easily found to be

u(t,z) = uo(x — at). (4.2)

This means that the initial data is simply translated by a speed a. The solution can
also be obtained by Fourier transforms. Indeed we have

.
(.6 +iag(t, §) = 0, (4.3)
which gives

a(t,€) = do(&)e".

Now since multiplication by a phase in the Fourier domain corresponds to a translation
in the physical domain, we obtain (4.2).

Here is an important remark. Notice that (4.3) can be written as (2.40) with
P(i¢) = ia&. Notice that this symbol does not have the properties imposed in sec-
tion 2. In particular, the symbol P(if) is purely imaginary (i.e. its real part vanishes).
This corresponds to a completely different behavior of the PDE solutions: instead of
regularizing initial discontinuities, as parabolic equations do, hyperbolic equations trans-
late and possibly modify the shape of discontinuities, but do not regularize them. This
behavior will inevitably show up when we discretize hyperbolic equations.

Let us now consider finite difference discretizations of the above transport equation.
The framework introduced in section 2 still holds. The single-step finite difference
scheme is given by (2.44). After Fourier transforms, it is defined by (2.49). The L?
norm of the difference between the exact and approximate solutions is then given by

1, 1
= sl = |

Here, we recall that P(i§) = ia. The mathematical analysis of finite difference schemes
for hyperbolic equations is then not very different from for parabolic equations. Only
the results are very different: schemes that may be natural for parabolic equations will
no longer be so for hyperbolic schemes.

lu(nAt, ) — U™ (x) (e3P0 — RX(€)) ao(€)]|.

Stability. One of the main steps in controlling the error term " is to show that the
scheme is stable. By stability, we mean here that

[RAO] = [Ra()|" <C,  nAt<T.
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Let us consider the stability of classical schemes. The first idea that comes to mind
to discretize (4.1) is to replace the time derivative by 0; and the spatial derivative by
0. Spelling out the details, this gives

n+1l __ n G’At n n
U™ =U; _A_:z:( = U
After Fourier transform (and extension of the scheme to the whole line z € R), we
deduce that

RA(€) =1 —v(e®?® — 1) = [1 — v(cos(EAx) — 1)] — ivsin(EAx),

where we have defined A
a
——— 4.4
V= (4.4)
We deduce that
|RA(§)|2 =142v(1+v)(1 — cos((Ax)).

When a > 0, which implies that v > 0, we deduce that the scheme is always unstable
since |Ra(€)]? > 1 for cos(€Az) < 0 for instance. When v < —1, we again deduce that
|RA(€)]* > 1 since v(1+4v) > 0. It remains to consider —1 < v < 0. There, v(1+v) <0
and we then deduce that |Ra(€)|? < 1 for all wavenumbers £. This implies stability.

So the scheme is stable if and only if —1 < v < 0. This implies that |a|At < Ax.
Again, the time step cannot be chosen too large. This is referred to as a CFL condition.
Notice however, that this also implies that a < 0. This can be understood as follows. In
the transport equation, information propagates from the right to the left when a < 0.
Since the scheme approximates the spatial derivative by d,, it is asymmetrical and uses
some information to the right (at the point X;;; = X; + Az) of the current point X;.
For a < 0, it gets the correct information where it comes from. When a > 0, the scheme
still “looks” for information coming from the right, whereas physically it comes from
the left.

This leads to the definition of the upwind scheme, defined by

J

Ur—vU?—-U",) when a>0
[t — j i—1 4.5
J { Ujﬂ — 1/(Uj"Jrl — UJ”) when a < 0. (4:5)

Exercise 4.1 Check that the upwind scheme is stable provided that |a|]At < Az. Im-
plement the scheme in Matlab.

The above result shows that we have to “know” which direction the information
comes from to construct our scheme. For one-dimensional problems, this is relatively
easy since only the sign of a is involved. In higher dimensions, knowing where the
information comes from is much more complicated. A tempting solution to this difficulty
is to average over the operators 9, and 0,:

v

n+l __ n

(U1 = Ufa).

J

Exercise 4.2 Show that the above scheme is always unstable. Verify the instability in
Matlab.
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A more satisfactory answer to the question has been answered by Lax and Wendroff.
The Lax- Wendroff scheme is defined by

1 1
U}‘H = 51/(1 +)U + (1= IJQ)U;L - 51/(1 —v)U} . (4.6)
Exercise 4.3 Check that

4 §Aw
5

Deduce that the Lax-Wendroff scheme is stable when |v| < 1.
Implement the Lax-Wendroff scheme in Matlab.

|RA()]? =1 — 4/%(1 — v?)sin

Consistency. We have introduced two stable schemes, the upwind scheme and the
Lax-Wendroff scheme. It remains to analyze their convergence properties.

Consistency consists of analyzing the local properties of the discrete scheme and
making sure that the scheme captures the main trends of the continuous equation. So
assuming that u(nAt, X;) is known at time nAt, we want to see what it becomes under
the discrete scheme. For the upwind scheme with a > 0 to simplify, we want to analyze

(&g + agx)u(Tn, X;).

The closer the above quantity to 0 (which it would be if the discrete scheme were replaced
by the continuous equation), the higher the order of convergence of the scheme. This
error is obtained assuming that the exact solution is sufficiently regular and by using
Taylor expansions.

Exercise 4.4 Show that

0%u

(at + c@)u(Tn, X;) = —%(1 — v)ada— (T, X;) + O(Ac?),
This shows that the upwind scheme is first-order when v < 1. Notice that first-order
approximations involve second-order derivatives of the exact solution. This is similar to
the parabolic case and justifies the following definition in the Fourier domain (remember
that second-order derivative in the physical domain means multiplication by —&2 in the
Fourier domain).
We say that the scheme is convergent of order m if

|e 720 — RA(€)] < CAtAZ™(1 + [¢[™F1), (4.7)

for At and Az|¢| sufficiently small (say Az|¢| < 7). Notice that At and Az are again
related through (4.4).

Notice the parallel with (2.61): we have simply replaced M by 1. The difference
between parabolic and hyperbolic equations and scheme does not come from the consis-

tency conditions, but from the stability conditions. For hyperbolic schemes, we do not
have (2.57) or (2.58).

Exercise 4.5 Show that the upwind scheme is first-order and the Lax-Wendroff scheme
is second-order.
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Proof of convergence . As usual, stability and consistency of the scheme, with
sufficient regularity of the exact solution, are the ingredients to the convergence of the
scheme. As in the parabolic case, we treat low and high wavenumbers separately. For
low wavenumbers (Azx|¢| < 7), we have

n—1

e"(€) = (7P — RA()) Y e IRAPEORE (¢)iig (€).

k=0

Here is the main difference with the parabolic case: e~ (""1=RAPE) and R (&) are
bounded but not small for high frequencies (notice that [e A (9)| = 1 for P(i€) = ia&).
So using the stability of the scheme, which states that | R (£)] < 1, we deduce that

€"(&)] < nle” PO — RA(E)|]a0(€)] < CAZ™(1+ €™ )| a0 (£)],

using the order of convergence of the scheme.
For high wavenumbers Az|{| > 7, we deduce that

[£"(E)] < 2lto(§)] < CAz™ (1 + €™ )i (8)].

So the above inequality holds for all frequencies £ € R. This implies that

Il < caa( [ @ lePm i)

We have then proved the

Theorem 4.1 Let us assume that P(i§) = ia& and that Ra(§) is of order m, i.e. (4.7)
holds. Assuming that the initial condition ug € H™, we obtain that

|lu(nAt, z) — U™ (x)|| < CAx™||ug|| gm+r, for all0 <n < N =T/At. (4.8)

The main difference with the parabolic case is that 1y now needs to be in H™*! (and
not in H™) to obtain an accuracy of order Az™. What if g is not in H™?

Exercise 4.6 Show that for any scheme of order m, we have
e8P — RA(O] < CAtAZ™™ (1 + [¢]*" )
for all 0 < o <1 and |{|Az < 7. Show that (4.8) is now replaced by
|lu(nAt, z) — U™ (x)|| < CAZ™||ugl| gatmr1y, forall0 <n < N =T/At. (4.9)

Deduce that if ug is in H® for 0 < s < m + 1, the error of convergence of the scheme
will be of order 2.

We recall that piecewise constant functions are in the space H® for all s < 1/2 (take
s = 1/2 in the sequel to simplify). Deduce the order of the error of convergence for the

upwind scheme and the Lax-Wendroff scheme. Verify this numerically.
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5 Spectral methods

5.1 Unbounded grids and semidiscrete FT

The material of this section is borrowed from chapters 1 & 2 in Trefethen [2].
Finite differences were based on approximating

0
ox
by finite differences of the form B
Op, O
for first-order approximations, or
1 _
5(&5 +04),

for a second-order approximation, and so on for higher order approximations.

Spectral methods are based on using an approximation of very high order for the
partial derivative. In matrix form, the second-order approximation given by (1.2) and
fourth-order approximation given by (1.3) in [2] are replaced in the “spectral” approxi-
mation by the “infinite-order” matrix in (1.4).

How is this done? The main ingredient is “interpolation”. We interpolate a set of
values of a function at the points of a grid by a (smooth) function defined everywhere.
We can then obviously differentiate this function and take the values of the differentiated
function at the grid points. This is how derivatives are approximated in spectral methods
and how (1.4) in [2] is obtained.

Let us be more specific and consider first the infinite grid hZ with grid points z; = jh
for j € Z and h > 0 given.

Let us assume that we are given the values v; of a certain function v(z) at the grid
points, i.e. v(x;) = v;. What we want is to define a function p(z) such that p(x) = v,.
This function p(z) will then be an interpolant of the series {v;}. To do so we define the
semidiscrete Fourier transform as

ok)y=h > e, kel 7). (5.1)

j==o0

It turns out that this transform can be inverted. We define the inverse semidiscrete
Fourier transform as
1 w/h
Uj = —
27 —7/h

e*®ip(k)dk. (5.2)

The above definitions are nothing but the familiar Fourier series. Here, v; are the Fourier
T

coefficients of the periodic function o(k) on [_E’ E]

Exercise 5.1 Check that v(k) in (5.1) is indeed periodic of period 27 /h.

It is then well known that the function v(k) can be reconstructed from its Fourier
coeflicients; this is (5.1).
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Notice now that the inverse semidiscrete Fourier transform (a.k.a. Fourier series) in
(5.2) is defined for every z; of the grid hZ, but could be defined more generally for every
point € R. This is how we define our interpolant, by simply replacing z; in (5.2) by
x:

w/h
p(x) L / e*o(k)dk. (5.3)

B % —7/h

The function p(z) is a very nice function. It can be shown that it is analytic (which
means that the infinite Taylor expansion of p(z) in the vicinity of every complex number
z converges to p; so the function p is infinitely many times differentiable), and by
definition it satisfies that p(z;) = v;.

Now assuming that we want to define w;, an approximation of the derivative of v
given by v; at the grid points ;. The spectral approximation simply consists of defining

w; = p'(x), (5:4)

where p(x) is defined by (5.3). Notice that w; a priori depends on all the values v;. This
is why the matrix (1.4) in [2] is infinite and full.
How do we calculate this matrix? Here we use the linearity of the differentiation. If

(1)

vy = o + o

7
then we clearly have that

(2)

w; = wj@) +w;,

for the spectral differentials. So all we need to do is to consider the derivative of function
vj such that v, = 1 for some n € Z and v,,, = 0 for m # n. We then obtain that

(k) = he ™",

and that

h n/h
pal) = o / B e*@=mh k= Sy, (x — nh),

where S, () is the sinc function

sin(mwx/h)
S, = —". 5.5
)= (55)
More generally, we obtain that the interpolant p(x) is given by
pla) = Y viSi(z — jh). (5.6)
j=—o00
An easy calculation shows that

0,  J=

Sp(jh) =4 (=1) (5.7)



Exercise 5.2 Check this.

This implies that

0, Jj=n
polz;) ={ (=)™
Gomp T

These are precisely the values of the entries (n, j) of the matrix in (1.4) in [2].

Notice that the same technique can be used to define approximations to derivatives
of arbitrary order. Once we have the interpolant p(z), we can differentiate it as many
times as necessary. For instance the matrix corresponding to second-order differentiation
is given in (2.14) of [2].

5.2 Periodic grids and Discrete FT

The simplest way to replace the infinite-dimensional matrices encountered in the pre-
ceding section is to assume that the initial function v is periodic. To simplify, it will be
27 periodic. The function is then represented by its value at the points z; = 275 /N for
some N € N so that h = 27/N. We also assume that N is even. Odd values of N are
treated similarly, but the formulas are slightly different.

We know that periodic functions are represented by Fourier series. Here, the function
is not only periodic, but also only given on the grid (xy,--- ,xy). So it turns out that
its “Fourier series” is finite. This is how we define the Discrete Fourier transform

N
, N N
~ —ikx;
Uk:hZe iv;, k:_E—i_l’”"?' (5.8)
7j=1
The Inverse Discrete Fourier Transform is then given by
L e
v = > Mg, j=1,...,N. (5.9)
k=—N/2+1
The latter is recast as
. N/2
o ! ik o .
Vi = oo Z e i vy, j=1,...,N. (5.10)
k=—N/2

/
Here we define 9_y/o = 0n/2 and Z means that the terms k = £N/2 are multiplied

by % The latter definition is more symmetrical than the former, although both are
obviously equivalent. The reason we introduce (5.10) is that the two definitions do not
yield the same interpolant, and the interpolant based on (5.10) is more symmetrical.

As we did for infinite grids, we can extend (5.10) to arbitrary values of z and not
only the values on the grid. The discrete interpolant is now defined by

p(x) = — Z/ ek, x € [0, 27]. (5.11)




Notice that this interpolant is obviously 27 periodic, and is a trigonometric polynomial
of order (at most) N/2.

We can now easily obtain a spectral approximation of v(x) at the grid points: we
simply differentiate p(z) and take the values of the solution at the grid points. Again,
this corresponds to

wj =p'(z;), j=1,...,N.

Exercise 5.3 Calculate the N x N matrix Dy which maps the values v; of the function
v(z) to the values w; of the function p'(z;). The result of the calculation is given on
p.21 in [2].

5.3 Fast Fourier Transform (FFT)

In the preceding subsections, we have seen how to calculate spectral derivatives at grid
points w; of a function defined by v; at the same gridpoints. We have also introduced
matrices that map v; to w;. Our derivation was done in the physical domain, in the sense
that we have constructed the interpolant p(z), taken its derivative, p’ and evaluated the
derivative p'(x;) at the grid points. Another way to consider the derivation is to see
what it means to “take a derivative” in the Fourier domain. This is what FFT is based
on.

Remember that (classical) Fourier transforms replace derivation by multiplication
by i&; see (2.27). The interpolations of the semidiscrete and discrete Fourier transforms
have very similar properties. For instance we deduce from (5.3) that

1 /h
p(z) = — e*iko(k)dk.
2 —7/h

So again, in the Fourier domain, differentiation really means replacing o(k) by iko(k).
For the discrete Fourier transform, we deduce from (5.11) that

. N/2
! .
p(z) = o Z e* ikt
k=—N/2

Notice that by definition, we have 0_y/2 = On/2 so that i(—N/2)0_y/o +iN/20x/2 = 0.

In other words, we have
N/2—-1

1 / .
p’(:l:):2— Z e ikiy,.

s
k=—N/2+1

This means that the Fourier coefficients v, are indeed replaced by tk0;, when we differ-
entiate p(z), expect for the value of k = N/2, for which the Fourier coefficient vanishes.
So, to calculate w; from v; in the periodic case, we have the following procedure

1. Calculate 0y, from v; for —N/2+1 <k < N/2.
2. Define wy, = ikty, for —N/2+1 <k < N/2 —1 and Wy, = 0.

3. Calculate w; from w; by Inverse Discrete Fourier transform.

39



Said in other words, the above procedure is the discrete analog of the formula

f(@) = FL [i€Felfl)]].

On a computer, the multiplication by ik (step 2) is fast. The main computational
difficulties come from the implementation of the discrete Fourier transform and its in-
version (steps 1 and 3). A very efficient implementation of steps 1 and 3 is called the
FFT, the Fast Fourier Transform. It is an algorithm that performs steps 1 and 3 in
O(N log N) operations. This has to be compared with a number of operations of order
O(N?) if the formulas (5.8) and (5.9) are being used.

Exercise 5.4 Check the order O(N?).

We are not going to describe how FFT works; let us merely state that it is a very
convenient alternative to constructing the matrix Dy to calculate the spectral derivative.
We refer to [2] Programs 4 and 5 for details.

5.4 Spectral approximation for unbounded grids

We have introduced several interpolants to obtain approximations of the derivatives of
functions defined by their values on a (discrete) grid. It remains to know what sort of
error one makes by introducing such interpolants. Chapter 4 in [2] gives some answer to
this question. Here we shall give a slightly different answer based on the Sobolev scale
introduced in the analysis of finite differences.

Let u(z) be a function defined for x € R and define v; = u(x;). The Fourier transform
of u(z) is denoted by u(k). We then define the semidiscrete Fourier transform o(k) by
(5.1) and the interpolant p(x) by (5.3).

The question is then: what is the error between u(x) and p(z)? The answer relies
on one thing: how regular is u(x). The analysis of the error is based on estimates in the
Fourier domain. Smooth functions u(z) correspond to functions @ (k) that decay fast in
k.

The first theoretical ingredient, which is important in its own right, is the aliasing
formula, also called the Poisson summation formula.

Theorem 5.1 Let u € L*(R) be sufficiently smooth. Then for all k € [—7n/h,m/h],

o0

ok =3 a(k+ 2%‘7) (5.12)

j=—oc

In other words the aliasing formula relates the discrete Fourier transform o(k) to the
continuous Fourier transform a(k).
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Derivation of the aliasing formula. We write

o(k) = h > ey,

_]_700
_ Z / Zh] k,/ hdkjl
o
]——OO
N 2ml i2nlj
- /Ru(k—l—T) Z e iy,

j=—o00

using the change of variables h(k’ — k) = 27l so that hdk’ = 2wdl. We will show that

D=y 51— ). (5.13)

j=—00 Jj=—00

Assuming that this equality holds, we then obtain that

o0

(k) = /R k+2_7” Zaz—] =3 (k+22‘7)

j—foo ]_700

which is what was to be proved. It thus remains to show (5.13). Here is a simple
explanation. Take the Fourier series of a 1—periodic function f(x)

12
Cn :/ e 2™ f (1) dx.

1/2

Then the inversion is given by

f(l’): Z 6i27rnxcn.

n=—oo

Now take f(z) to be the delta function f(xz) = d(z). We then deduce that we have
¢, =1 and for x € (0, 1),

Z 6i27rna: _ (S(f[))
Let us now extend both sides of the above relation by periodicity to the whole line R.
The left-hand side is a 1-periodic in z and does not change. The right hand side now
takes the form

This is nothing but the periodic delta function. This proves (5.13). O
Now that we have the aliasing formula, we can analyze the difference u(x) — p(z).
We'll do it in the L? sense, since

[u(z) — p(z) i(k) = (k)| 2(m)- (5.14)

1
||L2(R) = \/—Q—WHU

We now show the following result:
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Theorem 5.2 Let us assume that u(x) € H™(R) for m > 1/2. Then we have
[u(z) = p(@)| 2@ < CR™ |[ullam @), (5.15)
where the constant C' is independent of h and w.

Proof. We first realize that
p(k) = x (k)i (k)
by construction, where x(k) = 1 if k € [—n/h,7/h] and x(k) = 0 otherwise is the
characteristic function of the interval [—m/h,7/h]. In other words, p(z) is band-limited,
i.e. has no high frequencies. We thus deduce that

/|u |dk:_/R(1—X(k:))|u( |dk+/ﬂ/h‘z (/fﬂﬂ)\ k.

using (5.12). We have denoted by Z* = Z\{0}. Looking carefully at the above terms,
one realizes that the above error only involves @ (k) for values of k outside the interval
[—7/h,m/h]. In other words, if u(k) has compact support inside [—7/h,7/h|, then
p(k) = u(k), hence p(x) = u(z) and the interpolant is ezact. When 4(k) does not vanish
outside [—m/h, 7/h], i.e. when the high frequency content is present, we have to use the
regularity of the function u(x) to control the above term. This is what we now do. The
first term is easy to deal with. Indeed we have

[ = xEDla P < 1 [ ae) Pk < 5 ol ey

R

This is simply based on realizing that |hk| > 7 when x(k) = 1. The second term is a
little more painful. The Cauchy-Schwarz inequality tells us that

2
> ast| <Dl Yl
J J J
This is a mere generalization of |x - y| < |z||y|. Let us choose

(k+7]>’(1+|k:+22‘7) , bj:<1+|k+ 2‘7>

a; =

We thus obtain that

UL

—2m

ﬂ(k+ %)‘2<1+ Ik + ?y)m > <1+ Ik + 2%!)

jezx
Notice that
97j \ ~2m 1
3 <1+|k+—|> <nmy . for [k < x/h.
h 2 L+ 1))

For m > 1/2, the above sum is convergent so that

3 <1+ Ik + 22‘7 ) < Ch*m,

JEL*
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where C' depends on m but not on u or h. This implies that
m/h 2N 12 2N |2 27\ 2m
LISl ) e [ 5 o ) (104 22)
—n/h ' h —n/h h h
/ JEL* / JEZ

< Chzm/]R [a(k)2(1 + |k)*™dk = Ch*™||u|3m.

w/h

This concludes the proof of the theorem. 0O

Let us emphasize something we saw in the course of the above proof. When u(x)
is band-limited so that (k) = 0 outside [—7/h,7/h], we have that the interpolant is
exact; namely p(z) = u(x). However, we have seen that the interpolant is determined
by the values v; = u(z;).

More precisely, we saw that

[e.o]

pa) = Y vaSile —nh)

n=—oo

where S}, is the sinc function defined in (5.5). This proves the extremely important
Shannon- Whittaker sampling theorem:

Theorem 5.3 Let us assume that the function u(x) is such that (k) = 0 for k outside
[—m/h,m/h]. Then u(zx) is completely determined by its values v; = u(hj) for j € Z.
More precisely, we have

o0

u(@)= Y ulhj)Su(x —jh),  Sulx)=

n=—oo

sm(wx/h)‘ (5.16)
nx/h

This result has quite important applications in communication theory. Assuming that
a signal has no high frequencies (such as in speech, since the human ear cannot detect
frequencies above 25kHz), there is an adapted sampling value h such that the signal can
be reconstructed from the values it takes on the grid hZ. This means that a continuous
signal can be compressed onto a discrete grid with no error. When A is chosen too large
so that frequencies above 7 /h are present in the signal, then the interpolant is not exact,
and the compression in the signal has some error. This error is precisely called aliasing
error and is quantified by Theorem 5.1.

Let us finish this section by an analysis of the error between the derivatives of u(x)
and those of p(z). Remember that our initial objective is to obtain an approximation
of u/(z;) by using p'(z;). Minor modifications in the proof of Theorem 5.2 yield the
following result:

Theorem 5.4 Let us assume that u(x) € H™(R) for m > 1/2 and let n < m. Then
we have
[4(2) = (&) 12z < CA™ ey (517

where the constant C' is independent of h and w.

The proof of this theorem consists of realizing that
n n L - .
[u™ (x) = p") (@) || 2 (&) = EH(U?) (a(k) = p(k))| r2()-

43



Moreover we have

[ aE) = Pk = [ kP = (b)) Pk
Z <k+22‘7>’dk.

w/h

The first term on the right hand side is bounded by

e [k fage Pk = (0l

The second term is bounded by

/_W/h(z <k:+ )‘ dk,

which is bounded, as we saw in the proof of Theorem 5.2 by h™?"h?™||u||%.. This proves
the theorem. O

This result is important for us: it shows that the error one makes by approximating
a n—th order derivative of u(z) by using p™ (x) is of order A", where m is the H™-
regularity of u. So when u is very smooth, p™(z) converges extremely fast to u(™(z)
as N — oo. This is the greatest advantage of spectral methods.

5.5 Application to PDE’s
An elliptic equation. Consider the simplest of elliptic equations
—u"(z) + ou(x) = f(x), xr € R, (5.18)

where the absorption o > 0 is a constant positive parameter. Define a = y/o. We verify
that

1

G(z) = —e o 5.19
() = 5e¥ (519

is the Green function of the above problem, whose solution is thus

1 e~ =
uw) = [ Gla =y =5 [ )y (5.20)
R (6]
Note that this may also be obtained in the Fourier domain, where
: f(&)

= . 5.21
ite) = L5 (5:21)

Discretizing the above equation using the second-order finite difference method:

Uz +h)+U(x—h) —20(x)
12

we obtain as in (3.19) in section 3 an error estimate of the form

+U(x) = f(x), (5.22)

lu—Ullgz < C B || f|lae. (5.23)
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Let us now compare this result to the discretization based on the spectral method.
Spectral methods are based on replacing functions by their spectral interpolants. Let
p(z) be the spectral interpolant of u(z) and F(z) the spectral interpolant of the source
term f(x). Now p(x) and F(z) only depend on the values they take at hj for j € Z.
We may now calculate the second-order derivative of p(z) (see the following paragraph
for an explicit expression). The equation we now use to deduce p(x) from F'(x) is the
equation (5.18):

—p"(x) + op(x) = F(x), xz €R.

Note that this problem may be solved by inverting a matrix of the form —N? 4 o1,
where N is the matrix of differentiation. The error u — p now solves the equation

—(u—p)"(x) +o(u—p)=(f - F)(=)
Looking at this in the Fourier domain (and coming back) we easily deduce that

lu = plla2®) < C\f = Fllew < Ch™|| fllam®), (5.24)

where the latter equality comes from Theorem 5.2. Here m is arbitrary provided that f
is arbitrarily smooth. We thus obtain that the spectral method has an “infinite” order
of accuracy, unlike finite difference methods. When the source terms and the solutions
of the PDEs we are interested in are smooth (spatially), the convergence properties of
spectral methods are much better than those of finite difference methods.

A parabolic equation. Let us now apply the above theory to the computation of
solutions of the heat equation

ou  0%u 0
ot 0x2
on the real line R. We introduce U} the approximate solution at time T, = nAt,
1 <n < N and point z; = hj for j € Z.
Let us consider the Euler explicit scheme based on a spectral approximation of the
spatial derivatives. The interpolant at time T}, is given by

ph(x) = UrSu(x — jh),

j=—o0

so that the approximation to the second derivative is given by

o0

(") (kh) = > Sp((k — Hyur = > SpGih UL,

j=—00 j=—00
So the Euler explicit scheme is given by

grtt _yr >
jth = > Spkn)UT,. (5.25)

k=—0o0

It now remains to see how this scheme behaves. We shall only consider stability here
(i.e. see how At and h have to be chosen so that the discrete solution does not blow
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up as n — T/At). As far as convergence is concerned, the scheme will be first order in
time (accuracy of order At) and will be of spectral accuracy (infinite order) provided
that the initial solution is sufficiently smooth. This is plausible from the analysis of the
error made by replacing a function by its interpolant that we made earlier.

Let us come back to the stability issue. As we did for finite differences, we realize
that we can look at a scheme defined for all € R and not only z = x;:

Un+1 (27) _
At

Ue) _ f: S!(kh)U™(z — hk). (5.26)

k=—0o0

Once we have realized this, we can pass to the Fourier domain and obtain that

Ui = [1+At f: S;{(kh)e‘i’“hf] U (&). (5.27)

k=—o0

So the stability of the scheme boils down to making sure that

R() =1+ At i Sy (kh)e e, (5.28)

k=—o00

stays between —1 and 1 for all frequencies &.

The analysis is more complicated than for finite differences because of the infinite
sum that appears in the definition of R. Here is a way to analyze R({). We first realize
that

—T
—_— k=0
Sllz,(kh) = (_{Z)zk-i-l
2 S k #£ 0.
Exercise 5.5 Check this.
So we can recast R(§) as
7.‘_2 2At ei(hgfﬂ*)k
k40

Exercise 5.6 Check this.

We now need to understand the remaining infinite sum. It turns out that we can have
access to an exact formula. It is based on using the Poisson formula

S e = 30 ),
J J
which we recast for [ € [-1/2,1/2] as

D e =5(1) - 1.

J#0
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Notice that both terms have zero mean on [—1/2,1/2] (i.e. there is no 0 frequency). We
now integrate these terms in [. We obtain that

12l

o 127)

where H([) is the Heaviside function, such that H(l) = 1 for [ > 0 and H(l) = 0 for
[l < 0. The constant dy is now fixed by making sure that the above right-hand side
remains 1-periodic (as is the left-hand side). Another way of looking at it is to make
sure that both sides have zero mean on (—1/2,1/2). We thus find that dy = 1/2.

Exercise 5.7 Check this.

Let us integrate one more time. We now obtain that
ei27rlj 12 l
47242
iz AT

where d; is again chosen so that the right-hand side has zero mean. We obtain that
dy =1/12.

Exercise 5.8 Check this.

To sum up our calculation, we have obtained that

i2nlj

€j2 :479(? +1—12 —l<H(l) . %))

Jj#0
This shows that

R(¢) = 1—%(%2+87r2<§+1—12—l<H(l)—1>>>, - %-% (5.29)

A plot of the function | — [?/2 + 1/12 — I(H(l) — 1/2) is given in Fig. 5.1. Notice
that this function is 1-periodic and continuous. This is justified as the delta function
is concentrated at one point, its integral is a piecewise linear function (H(l) — 1/2 — 1)
and is discontinuous, and its second integral is continuous (and is piecewise quadratic).

Exercise 5.9 Check that {(H(I) — 3) = 1]{|. Deduce that

R(E)=1— %ﬁ@ . |l|)>,

so that A
=1——Sh**:=1- 2 < < E
RO =1- 0 =1- Mg, 0<lg<]
[Check the above for h{ < 7 and use (5.28) to show that R({) = R(—¢) and that R(¢)
is 2Z-periodic.]
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SECOND PERIODIC INTEGRAL OF THE PERIODIC DELTA FUNCTION
0.1 T T T T T T T

0.08

0.04

£ 002+
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-0.041

-0.06 L L L L L I I I
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

Figure 5.1: Plot of the function | — f(I) = 12/2+1/12 — [(H(l) — 1/2). The maximal
value is 1/12 and the minimal value —1/24.

Since R(€) is a periodized version of the symbol 1 — At&?, we deduce that

At
1 _7T2ﬁ S R(é) S 17

and that the minimal value is reached for [ = 0, i.e. for frequencies

_27r 1

5 h(m+_)7 mEZ)

and that the maximum is reached for [ = £1/2, i.e. for frequencies

2
= % m € 7.
Notice that R(0) = 0 as it should, and that R(w/h) = 1 — 72At/h? which is a quite
bad approximation of e~ Atm*/(h%) for the exact solution. But as usual, we do not expect
frequencies of order A~! to be well approximated on a grid of size h.
Since we need |R(§)| < 1 for all frequencies to obtain a stable scheme, we see that

At 2
= <

h? — g2’

A\ (5.30)

is necessary to obtain a convergent scheme as h — 0 with A fixed.
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6 Introduction to finite element methods

We now turn to one of the most useful methods in numerical simulations: the finite
element method. This will be very introductory. The material mostly follows the
presentation in [1].

6.1 Elliptic equations

Let Q be a convex open domain in R? with boundary 09. We will assume that 0 is
either sufficiently smooth or a polygon. On €2 we consider the boundary value problem

—Au(x) + o(x)u(x) = f(x), x=(21,22) € Q

6.1
u(x) =0, x € OSL. (6.1)
The Laplace operator A is defined as
0? 0?
A= :
63312 * 0:1522
We assume that the absorption coefficient o(x) € L>°(§2) satisfies the constraint
o(x) > a9 > 0, x € Q. (6.2)

We also assume that the source term f € L*(Q) (i.e., is square integrable).

This subsection is devoted to showing the existence of a solution to the above problem
and recalling some elementary properties that will be useful in the analysis of discretized
problems.

Let us first assume that there exists a sufficiently smooth solution u(x) to (6.1).
Let v(x) be a sufficiently smooth test function defined on © and such that v(x) = 0
for x € 0Q. Upon multiplying (6.1) by v(x) and integrating over 2, we obtain by
integrations by parts using Green’s formula that:

a(u,v) = /Q (Vu- Vv + ouv)dx = /vadx := L(v). (6.3)

Exercise 6.1 Prove the above formula.
Let us introduce a few Hilbert spaces. For k € N, we define
HMQ) = HY = {v € L2(Q); D°ve LX), forall |a| < k}. (6.4)
We recall that for a multi-index o = (o, ) (in two space dimensions) for a; € N,
1 <k <2, we denote |a| = a3 + @ and
Do — o 9™

- a1 g *
0z 0x5

Thus v € H* = H*(Q) if all its partial derivatives of order up to k are square integrable
in ). The Hilbert space is equipped with the norm

fullae = (3 10%ul) " (6.5

o<k
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We also define the semi-norm on H*:

ulas = (3 10%ul2) " (6.6

la|=k

Note that the above semi-norm is not a norm, for all polynomials p;_; of order at most
k — 1 are such that |py_1|z+ = 0.

Because of the choice of boundary conditions in (6.1), we also need to introduce the
Hilbert space

HY(Q) = {U e HY(Q): vpog = o}. (6.7)

We can show that the above space is a closed subspace of H'(§2), where both spaces
are equipped with the norm || - || 1. Showing this is not completely trivial and requires
understanding the operator that restricts a function defined on 2 to the values it takes
at the boundary 0€). The restriction is defined for sufficiently smooth functions only
(being an element in H' is sufficient, not necessary). For instance: “the restriction to
0Q of a function in L*(Q)” means nothing. This is because L? functions are defined
up to modifications on sets of measure zero (for the Lebesgue measure) and that OS2 is
precisely a set of measure zero.

We can show that (6.3) holds for any function v € Hg(€2). This allows us to “replace”
the problem (6.1) by the new problem in wvariational form:

Find u € H}(Q) such that for all v € H}(2), we have

a(u,v) = L(v). (6.8)
Theorem 6.1 There is a unique solution to the above problem (6.8).

Proof. The theorem is a consequence of the Riesz representation theorem. The main
ingredients of the proof are the following. First, note that a(u,v) is a symmetric bilinear
form on the Hilbert space V = H}(Q). It is clearly linear in u and v and one verifies
that a(u,v) = a(v, u).

The bilinear form a(u, v) is also positive definite, in the sense that a(v,v) > 0 for all
v € V such that v # 0. Indeed, a(u,v) is even better than this: it is coercive in V', in
the sense that there exists o > 0 such that

alu,u) > oljul}, for all v € V. (6.9)

Indeed, from the definition of a(u,v) and the constraint on o, we can choose a =
min(1, op).

Since a(u,v) is a symmetric, positive definite, bilinear form on V, it defines an inner
product on V' (by definition of an inner product). The norm associated to this inner
product is given by

ulle = a2 (u, ), ueV. (6.10)

The Riesz representation theorem then precisely states the following: Let V' a Hilbert
space with an inner product a(-,-). Then for each bounded linear form L on V| there is
a unique u € V such that L(v) = a(u,v) for all v € V. Theorem 6.1 is thus equivalent
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to showing that L(v) is bounded on V', which means the existence of a constant ||L|
such that |L(v)| < ||L||y+a'/?(v,v) for all v € V. However we have

1/

Vo

L)| < I esllollze = %(ﬁnvnp) < %a%,m.

This yields the bound for L and the existence of a solution to (6.8). Now assume that u
and w are solutions. Then by taking differences in (6.8), we deduce that a(u—w,v) =0
for all v € V. Choose now v = u — w to get that a(u — w,u —w) = 0. However, since a
is positive definite, this implies that © — w = 0 and the uniqueness of the solution. 0O

Remark 6.2 The solution to the above problem admits another interpretation. Indeed

let us define the functional .
J(u) = §a(u,u) — L(u). (6.11)

We can then show that u is a solution to (6.8) is equivalent to u being the minimum of

J(u) on V = H{.

Remark 6.3 Theorem 6.1 admits a very simple proof based on the Riesz representation
theorem. However it requires a(u,v) to be symmetric, which may not be the case in
practice. The Lax-Milgram theory is then the tool to use. What it says is that provided
that a(u,v) is coercive and bounded on a Hilbert space V' (equipped with norm || - ||y),
in the sense that there are two constants C; and « such that

allv|)? < a(v,v), la(v,w)| < Cy||v||v||w]yv, forallv,w eV, (6.12)

and provided that the functional L(v) is bounded on V, in the sense that there exists a
constant || L[|y« such that

[L(v)] < [IL]

ve|lvlly, forallveV

then the abstract problem
a(u,v) = L(v), for allv e V, (6.13)

admits a unique solution u € V. This abstract theory is extremely useful in many
practical problems.

Regularity issues. The above theory gives us a weak solution u € H] to the problem
(6.1). The solution is “weak” because the elliptic problem should be considered in it
variational form (6.3) rather than its PDE form (6.1). The Laplacian of a function in
H; is not necessarily a function. So w is not a strong solution (which is defined as a C*
solution of (6.1)).

It thus remains to understand whether the regularity of u € H} is optimal. The
answer is no in most cases. What we can show is that for smooth boundaries 02 and
for convex polygons 0f2, we have

[ull 2 < Clf]z2- (6.14)
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When f € L?, we thus deduce that v € H> N H}. Deriving such results is beyond the
scope of these notes and we will simply admit them. The main aspect of this regularity
result is that u has two more degrees of regularity than f; when f € L?, the second-
order partial derivatives of u are also in L2, This may be generalized as follows. For
sufficiently smooth 052, or for very special polygons I' (such as rectangles), we have the
following result:

[ullgree < Cllfllgs, k=0 (6.15)

This means that the solution u may be quite regular provided that the source term
f is sufficiently regular. Moreover, a classical Sobolev inequality theorem says that
a function u € H* for k > d/2, where d is space dimension, is also of class C°. In
dimension d = 2, this means that as soon as f € H* for k > 1, then u is of class C?,
i.e., is a strong solution of (6.1).

As we saw for finite difference and spectral methods the regularity of the solution
dictates the accuracy of the discretized solution. The above regularity results will thus
be of crucial importance in the analysis of finite element methods which we take up
NOw.

6.2 (alerkin approximation

The above theory of existence is fundamentally different from what we used in the finite
difference and spectral methods: we no longer have (6.1) to discretize but rather (6.3).
The main difficulty in solving (6.3) is that V' = H{ is infinite dimensional. This however
gives us the right idea to discretize (6.3): simply replace V' by a discrete approximation
Vi, and solve (6.3) in V}, rather than V. We then have to choose the family of spaces V},
for some parameter h — 0 (think of h as a mesh size) such that the solution converges
to u in a reasonable sense.

The Galerkin method is based on choosing finite dimensional subspaces V;, C V. In
our problem (6.1), this means choosing Vj, as subsets of Hj. This requires some care:
functions in H} have derivatives in L?. So piecewise constant functions for instance,
are not elements of H} (because they can jump and the derivatives of jumps are too
singular to be elements of L?), and V}, can therefore not be constructed using piecewise
constant functions.

Let us assume that we have a sequence of finite dimensional subspaces V;, C V. Then
the spaces V}, are Hilbert spaces. Assuming that the bilinear form a(u,v) is coercive
and bounded on V' (see Rem. 6.3), then clearly it remains coercive and bounded on V},
(because it is specifically chosen as a subset of V!). Theorem 6.1 and its generalization
in Rem. 6.3 then hold with V replaced by V},. The same theory as for the continuous
problem thus directly gives us existence and uniqueness of a solution u;, to the discrete
problem:

Find up € V,  such that  a(up,v) = L(v) forall v eV, (6.16)

It remains to obtain an error estimate for the problem on Vj,. Let us assume that
a(u,v) is symmetric and as such defines a norm (6.10) on V' and V}. Then we have
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Lemma 6.4 The solution uy, to (6.16) is the best approximation to the solution u of
(6.3) for the || - ||la norm:

— upla = min |ju — o]|,. 6.17
lu = wnlla = min flu o] (6.17)

Proof. There are two main ideas there. The first idea is that since V}, C V', we can
subtract (6.16) from (6.8) to get the following orthogonality condition

a(u —up,v) =0, for all v e V. (6.18)

Note that this property only depends on the linearity of u +— a(u,v) and not on a being
symmetric. Now because a(u,u) is an inner product (so that a(u,v) < ||ull.]|v|.) and
v — a(u,v) is linear, we verify that for all v € V},

|lu — uh||2 =a(u — up,u —up) = alu —up,u) = alu — up,u—v) < ||[u—upll]u— vl

If [|u —up||o = 0, then the lemma is obviously true. If not, then we can divide both sides
in the above inequality by ||u — uylls to get that ||u — uslls < ||u — v||, for all v € V.
This yields the lemma. O

Remark 6.5 When a(u, v) satisfies the hypotheses given in Rem. 6.3, the above result
does not hold. However, it may be replaced by

Cy .
lu = unlly < — minfju— |y (6.19)

Exercise 6.2 Prove (6.19).

So, although wy, is no longer the best approximation of v in any norm (because a(u, v) no
longer generates a norm), we still observe that up to a multiplicative constant (greater
than 1 obviously), wy, is still very close to being an optimal approximation of u (for the
norm | - ||y now).

Note that the above result also holds when a(u,v) is symmetric. Then uy, is the best
approximation of u for the norm || - ||,, but not for the norm || - ||yy. We have equipped
V' (and V) with two different, albeit equivalent, norms. We recall that two norms || - ||,
and || - ||y are equivalent if there exists a constant C' such that

C ol < lolle < Cllolly,  forall veV. (6.20)

Exercise 6.3 When a(u,v) is symmetric and coercive on V', show that the two norms
| - ||« and || - ||y are equivalent.

Let us summarize our results. We have replaced the variational formulation for
u € V by a discrete variational formulation for u;, € V},. We have shown that the discrete
problem indeed admitted a unique solution (and thus requires to solve a problem of the
form Ax = b since the problem is linear and finite dimensional), and that the solution
up, was the best approximation to u when a(u,v) generates a norm, or at least was not
too far from the best solution, this time for the norm || - ||y, when a(u,v) is coercive
(whether it is symmetric or not).

In our problem (6.1), V = HJ. So we have obtained that ||u — u| g is close to the
best possible approximation of u by functions in H. Note that the “closeness” is all
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relative. For instance, when « is very small, an error bound of the form (6.19) is not
necessarily very accurate. When a is symmetric, (6.17) is however always optimal. In
any event, we need additional information on the spaces V}, if one wants to go further.
We can go further in two directions: see how small ||u—wuy, || is for specific sequences of
spaces V},, but also see how small u —wuy, is in possibly other norms one may be interested
in, such as ||u — upl||2. We now consider a specific example of Galerkin approximation:
the finite element method (although we should warn the reader that many finite element
methods are not of the Galerkin form because they are based on discretization spaces
Vj, that are not subspaces of V).

6.3 An example of finite element method

We are now ready to introduce a finite element method. To simplify we assume that €2 is
a rectangle. We then divide €2 into a family 7}, of non-overlapping closed triangles. Fach
triangle T € 7}, is represented by three vertices and three edges. We impose that two
neighboring triangles have one edge (and thus two vertices) in common, or one vertex
in common. This precludes the existence of vertices in the interior of an edge. The set
of all vertices in the triangulation are called the nodes of 7;,. The index h > 0 measures
the “size” of the triangles. A triangulation 7}, of size h is thus characterized by

Q= U T, hy = diam(7), h = max hr. (6.21)

TeTy,
TeTy,

As the triangulation gets finer and h — 0, we wish to be able to construct more accurate
solutions uy, to u solution of (6.8). Note that finite element methods could also be based
on different tilings of €2, for instance based on quadrilaterals, or higher order polygons.
We only consider triangles here.

The reason we introduce the triangulation is that we want to approximate arbitrary
functions in V' = H} by finite dimensional functions on each triangle T' € 7;,. As we have
already mentioned, the functions cannot be chosen on each triangle independently of
what happens on the other triangles. The reason is that such functions may not match
across edges shared by two triangles. These jumps however would violate the fact that
our discrete functions need to be in H}. For instance functions that are constant on
each triangle T' € 7j, are not in Hj and are thus not admissible. Here we consider
the simplest finite element method. The simplest functions after piecewise constant
functions are piecewise linear functions. Moreover, we want the functions not to jump
across edges of the triangulation. We thus define

Vi ={v € Hy; v is linear on each T € Ty, }. (6.22)

Recall that this imposes that v = 0 on 0€2. The space V}, is a finite dimensional subspace
of H} (see below for a “proof”) so that the theory given in the previous section applies.
This gives us a solution uy, to (6.16).

A linear system. We now recast the above problem for uy, as a linear system (of the
form Az = b). To do so, we need a basis for Vj,. Because the functions in V}, are in
Hj, then cannot jump across edges. Because they are piecewise linear, they must be
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continuous on ). So they are characterized (uniquely determined) by the values they
take on each node P; € Q for 1 < i < M, of the triangulation 7; (note that since
() is an open domain, the notation means that M, is the number of internal nodes of
the triangulation: the nodes P; € 00 should be labeled with M, + 1 < i < M), + by,
where by, is the number of nodes P; € 092). Consider the family of pyramid functions
¢i(x) € V}, for 1 < i < M, defined by

We recall that the Kronecker delta d;; = 1 if ¢ = j and ¢;; = 0 otherwise. Since ¢;(x)
is piecewise affine on 7}, it is uniquely defined by its values at the nodes P;. Moreover,
we easily deduce that the family is linearly independent, whence is a basis for V}. This
proves that V}, is finite dimensional. Note that by assuming that ¢; € V}, we have also
implicitly implied that ¢;(P;) = 0 for P, € 0. Note also that for P;, P, € 09, the
function ¢; (for P; ¢ 0€) vanishes on the whole edge (P;, P}) so that indeed ¢; = 0 on
0f). We can thus write any function v € V}, as

My,

v(x) =Y vidi(x), v =v(P;). (6.24)

i=1

Let us decompose the solution u;, to (6.16) as up(x) = ZZ " u;¢i(x). The equation
(6.16) may then be recast as

My,
(f7 ¢z) - uh7¢2 Z qb]aqbz

This is nothing but the linear system

Axr = b, A = a(¢j7¢i>7 i =u;, b= (f, ). (6.25)

In the specific problem of interest here where a(u, v) is defined by (6.3), we have

Ay = / (V65(x) - Véi() + 0(x); (x)6 (x)) dx

There is therefore no need to discretize the absorption parameter o(x): the variational
formulation takes care of this. Solving for u;, thus becomes a linear algebra problem,
which we do not describe further here. Let us just mention that the matrix A is quite
sparse because a(¢;, ¢;) = 0 unless P; and P, belong to the same edge in the triangula-
tion. This is a crucial property to obtain efficient numerical inversions of (6.25). Let us
also mention that the ordering of the points P; is important. As a rough rule of thumb,
one would like the indices of points P; and P; belonging to the same edge to be such
that |i — j| is as small as possible to render the matrix A as close to a diagonal matrix
as possible. The optimal ordering thus very much depends on the triangulation and is
by no means a trivial problem.
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Approximation theory. So far, we have constructed a family of discrete solutions uy,
of (6.16) for various parameters h > 0. Let now 7;, be a sequence of triangulations such
that h — 0 (recall that h is the maximal diameter of each triangle in the triangulation).
It remains to understand how small the error u —uy, is. Moreover, this error will depend
on the chosen norm (we have at least three reasonable choices: ||-||4, || ||#1, and || - ||12).

Since the problem (6.16) is a Galerkin discretization, we can use (6.17) and (6.19)
and thus obtain in the H} and a— norms that u — wuy, is bounded by a constant times
u—v for arbitrary v € V},. Finding the best approximation v for u in a finite dimensional
space for a given norm would be optimal. However this is not an easy task in general.
We now consider a method, which up to a multiplicative constant (independent of h),
indeed provides the best approximation.

Our approximation is based on interpolation theory. Let us assume that f € L?(2)
so that w € H?(Q) thanks to (6.14). This implies that u is a continuous function as
2 > d/2 = 1. We define the interpolation operator 7, : C(Q) — Vj, by

My,

() (x) = Y v(Py)di(x). (6.26)

=1

Note that the function v needs to be continuous since we evaluate it at the nodes P;.
An arbitrary function v € Hj need not be well-defined at the points P; (although it
almost is...)

We now want to show that 7,v — v gets smaller as h — 0. This is done by looking at
mpv — v on each triangle T € 7;, and then summing the approximations over all triangles
of the triangulation. We thus need to understand the approximation at the level of one
triangle. We denote by mrov the affine interpolant of v on a triangle 7. For a triangle T'
with vertices P;, 1 < i < 3, it is defined as

mro(x) = > v(P)gi(x), x€T,
i=1

where the ¢;(x) are affine functions defined by ¢;(P;) = d;;, 1 < i,5 < 3. We recall
that functions in H?(T) are continuous, so the above interpolant is well-defined for each
v € H?(T). The various triangles in the triangulation may be very different so we need
a method that analyzes mrv — v on arbitrary triangles. This is done in two steps. First
we pick a triangle of reference T and analyze m;v — v on it in various norms of interest.
Then we define a map that transforms 7' to any triangle of interest 7. We then push
forward any properties we have found on T to the triangle T' through this map. The
first step goes as follows.

Lemma 6.6 Let T be the triangle with vertices (0,0), (1,0), and (0,1) in an orthonor-
mal system of coordinates of R®. Let © be a function in H*(T) and ;0 its affine
interpolant. Then there exists a constant C' independent of v such that

||A@—WT~A@|!L2(T) < C’?|H2<T> (6.27)
IV = mz0)llpary < Clolgary

We recall that | - |2 is the semi-norm defined in (6.6).
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Proof. The proof is based on judicious use of Taylor expansions. First, we want to
replace 77 by a more convenient interpolant I1;. By definition of 7, we deduce that

7 g0l < Cllv]| a2,

since |v(P;)] < C||v|| g2 in two space dimensions. Also we verify that for all affine
interpolants 11, we have m;Il;v = Il;v so that

lv = mzollm < flv=Tzolm + lmp(Tz0 = )| < Cllo = Hzolg + Clofe.

This is because the second-order derivatives of IL;v vanish by construction. So we see
that it is enough to prove the results stated in the theorem for the interpolant II;. This
is based on the following Taylor expansion (with Lagrange remainder):

1
v(x) = v(x0) + (x —x0) - Vo(x0) + |x — x0|2/ (x-V)20((1—t)xo +tx)(1 —t)dt. (6.28)
0
Since we will need it later, the same type of expansion yields for the gradient:
1
Vou(x) = Vo(xg) + |x — x| / x - VVu((1 — t)xq + tx)dt. (6.29)
0

Both integral terms in the above expressions involve second-order derivatives of v(x).
However they may not quite be bounded by C|v| H2(T)- The reason is that the affine
interpolant v(xp) + (x —Xg) - Vo(X¢) and its derivative Vv(x) both involve the gradient
of v at xp, and there is no reason for [Vv(xo)| to be bounded by C[v[ 2. This causes
some technical problems. The way around is to realize that xy may be seen as a variable
that we can vary freely in 7. We therefore introduce the function ¢(x) € C3°(T') such
that ¢(x) > 0 and [;¢(x)dx = 1. It is a classical real-analysis result that such a

function exists. Upon integrating (6.28) and (6.29) over T' in Xo, we obtain that

o(x) = /QSXO I — xOyQ/( V)20((1 — £)x0 + 1) (1 — )dtdxs
Vo(x) = VILju(x /¢X0 |x — X0|/ x - VVu((1 — t)xo + tx)dtdx,  (6.30)

o) = ([ (v0x0) =30 Vo)) o)) + [ om0 Vi) -x

We verify that I1;v is indeed an affine interpolant for v € H Y(T) in the sense (thanks
to the normalization of ¢(x)) that Il;v = v when v is a polynomial of degree at most 1
(in 2y and x9) and that ||[ILpv]|m < C|lv| g.

It remains to show that the remainders v(x) — [L;v(x) and V(v(x) — [I;v(x)) are
indeed bounded in L(T) by C|v|y>. We realize that both remainders involve bounded
functions (such as |x — xg| or 1 — ¢) multiplied by second-order derivatives of v. It is
therefore sufficient to show a result of the form

Adx([ﬁ¢(xo)/01 |f (%0 +t(x—x0))|dtdxo>2dxo < CIf 32z (6.31)
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for all f € L2(T). By the Cauchy-Schwarz inequality (stating that (f,g)2 < 11719,
where we use g = 1), the left-hand side in the above equation is bounded (because T is
a bounded domain) by

CAA¢2(XO) /01 FA(1 = t)xo + tx)dtdxodx.

We extend f(x) by 0 outside T'. Let us now consider the part 1/2 < ¢ < 1 in the above
integral and perform the change of variables tx < x. This yields

[:théde¢2(Xo /tth—QfQ((l—tonrx < //2 tQ/dx(@ x0) ) || 112

This is certainly bounded by CHinQ(T). Now the part 0 < t < 1/2 with the change of
variables (1 — t)xq < Xo similarly gives a contribution of the form

1/2 dt R
(] T2 s )1

where |T| is the surface of T. These estimates show that
lv— TUHHl < CMH? (6.32)

This was all we needed to conclude the proof of the lemma. 0O
Once we have the estimate on 7', we need to obtain it for arbitrary triangles. This is
done as follows:

Lemma 6.7 Let T be a proper (not flat) triangle in the plane R%.  There is an or-
thonormal system of coordinates such that the vertices of T are the points (0,0), (0, a),
and (b, c), where a, b, and ¢ are real numbers such that a > 0 and ¢ > 0. Let us define
| Allc = max(a, bl ).

Let v € HX(T) and mpv its affine interpolant. Then there exists a constant C' inde-
pendent of the function v and of the triangle T such that

v —7mrvll2ry < ClA[Z|v]a2en)
(6.33)

IV =)y < O

Let us now assume that hr is the diameter of T. Then clearly, ||Allc < hr. Fur-
thermore, let us assume the existence of pr such that

prhr < a < hy, prhr < ¢ < hy. (6.34)
Then we have the estimates
v = mpv|| 2y < Ch%|v|Hz(T)

(6.35)

||V(U—7TTU)HL2(T) < Cp%QhT’Uh_p(T)

We recall that C' is independent of v and of the triangle T
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Proof. We want to map the estimate on 7' in Lemma 6.6 to the triangle 7. This
is achieved as follows. Let us define the linear map A : R? — R? defined in Cartesian

coordinates as
a 0
A= ) )
( b c) (6.36)

We verify that A(T) = T. Let us denote by X coordinates on T and by x coordinates
on T. For a function % on 7T’ , we can define its push-forward v = A,0 on T, which is
equivalent to

0(x) =v(x) withx = Ax or 9(X) = v(4Ax).

By the chain rule, we deduce that

00 ov
- Az a0
O "o,

where we use the convention of summation over repeated indices. Differentiating one
more time, we deduce that

D IDoP (%) < CIIAJL D ID P (x), x = Ak (6.37)

|af=2 |af=2

Here the constant C' is independent of v and ©. Note that the change of measures
induced by A is dx = |det(A™1)|dx so that

/Z D02(%)d% < [|A[[% |det(A |/ S Do (x
=2 o] =2
This is equivalent to the statement:
0] 7207y < Cldet(A)] 72| Al o]z (6.38)

This tells us how the right-hand side in (6.27) may be used in estimates on 7. Let us
now consider the left-hand sides. We first notice that

(m40)(x) = (m7v)(%). (6.39)

The reason is that ©v; = v; at the nodes and that for any polynomial of order 1 in the
variables &1, T3, p(AX) is also a polynomial of order 1 in the variables z; and x5. This
implies that

(6 — 10)(%) = (v — T0)(x), AT'V(6 — m:0)(%X) = V(v — mp0)(x);  x = A%.

Using the same change of variables as above, this implies the relations

10— mpdl2p = |det A~ [jo—mrol3, 6.0,
A 2NV — 70) |2,y > Cldet A7 [V (0 — m70) 2. |

Here, C'is a universal constant, and ||A™! || = (ac)||Al|s (i-e., is the maximal element
of the 2 x 2 matrix A™'). The above inequalities combined with (6.38) directly give
(6.33). The estimates (6.35) are then an easy corollary. [
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Remark 6.8 (Form of the triangles) The first inequality in (6.35) only requires that
the diameter of T be smaller than Ap. The second estimate however requires more. It
requires that the triangles not be too flat and that all components a, b, and ¢ be of
the same order hy. We may verify that the constraint (6.34) is equivalent to imposing
that all the angles of the triangle be greater than a constant independent of hy and is
equivalent to imposing that there be a ball of radius of order hy inscribed in 7. From
now on, we impose that pr > po > 0 for all T' € 7;, independent of the parameter h.

This concludes this section on approximation theory. Now that we have local error
estimates, we can sum them to obtain global error estimates.

A Global error estimate in H} (). Let us come back to the general framework of
Galerkin approximations. We know from (6.19) that the error of u—uy in H} (the space
in which estimates are the easiest!) is bounded by a constant times the error u — v in
the same norm, where v is the best approximation of u (for this norm). So we obviously
have that

|lu — upllm < Cllu — mpul| g (6.41)

Here the constant C' depends on the form a(-, ) but not on u nor u,. The above right-
hand side is by definition

(30 [ Quemral 190 = mr)P)ix) " < (5 syl

TeT), TeT,
thanks to (6.35). This however, implies the following result

Theorem 6.9 Let u be the solution to (6.8), which we assume is in H*()). Let uy, be
the solution of the discrete problem (6.16) where V}, is defined in (6.22) based on the
triangulation define in (6.21). Then we have the error estimate

||u—uh||H1(Q) S Cp62h|u|H2(Q). (642)

Here, C is a constant independent of Ty, u, and u,. However it may depend on the
bilinear form a(u,v). We recall that py was defined in Rem. 6.8.

The finite element method is thus first-order for the approximation of u in the H!
norm. We may show that the order of approximation in O(h) obtained in the theorem
is optimal (in the sense that h cannot be replaced by A% with a > 1 in general).

A global error estimate in L*(Q2). The norm || - ||, is equivalent to the H' norm.
So the above estimate also holds for the || - ||, norm (which is defined only when a(u,v)
is symmetric). The third norm we have used is the L? norm. It is reasonable to expect
a faster convergence rate in the L? norm than in the H' norm. The reason is this.
In the linear approximation framework, the gradients are approximated by piecewise
constant functions whereas the functions themselves are approximated by polynomials
of order 1 on each triangle. We should therefore have a better accuracy for the functions
than for their gradients. This is indeed the case. However the demonstration is not
straightforward and requires to use the regularity of the elliptic problem one more time
in a curious way.
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Theorem 6.10 Under the hypotheses of Theorem (6.9) and the additional hypothesis
that (6.14) holds, we have the following error estimate

[ — un|2() < Cpg P2 ||ull g2 (6.43)
Proof. Let w be the solution to the problem
a(v,w) = (v,u — up), for all v € V. (6.44)

Note that since a(u,v) is symmetric, this problem is equivalent to (6.8). However, when
a(u,v) is not symmetric, (6.44) is equivalent to (6.8) only by replacing a(u,v) by the
adjoint bilinear form a*(u,v) = a(v,u). The equation (6.44) is therefore called a dual
problem to (6.8), and as a consequence the proof of Theorem 6.10 we now present is
referred to as a duality argument in the literature.

In any event, the above problem (6.44) admits a unique solution thanks to Theorem
6.1. Moreover our hyp othesis that (6.14) holds implies that

ol < Cllu = w2 (6.45)

Using in that order the choice v = u — uy, in (6.44), the orthogonality condition (6.18),
the bound in (6.12) (with V' = H}), the estimate (6.45), and finally the error estimate
(6.42), we get:

a(u —up,w) = a(u — up, w — Tw) < Cllu — up|| g ||lw — Trw|| g
Cllu — upllgrpg *hllwll2 < Cpg2hllu — up|| g flu — | 2

lu = unl|7

IAIA

Cpo P2 [[ull 2w — |2

This concludes our result. O
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7 Introduction to Monte Carlo methods

7.1 Method of characteristics

Let us first make a small detour by the method of characteristics. Consider a hyperbolic
equation of the form

dv  Ov
5% “on +av =0, v(0,2) = P(z), (7.1)
for t > 0 and x € R. We want to solve (7.1) by the method of characteristics. The

main idea is to look for solutions of the form

v(t, x(t)), (7.2)

where x(t) is a characteristic, solving an ordinary differential equation, and where the
rate of change of w(t) = v(t,z(t)) is prescribed along the characteristic x(t).

We observe that
d ov  dx Ov

%<v(t,x(t))> =2 + o’

so that the characteristic equations for (7.3) are

dx dv
=G g +av = g. (7.3)
The solutions are found to be

z(t) = xg — ct, v(t, z(t)) = e (0, z0) + g(l —e ). (7.4)

For each (t,z), we can find a unique xy(t,x) = = + ¢t so that

v(t,x) = e Pz + ct) + §<1 —e . (7.5)

Many first-order linear and non-linear equations may be solved by the method of
characteristics. The main idea, as we have seen, is to replace a partial differential
equation (PDE) by a system of ordinary differential equations (ODEs). The latter
may then be discretized if necessary and solved numerically. Since ODEs are solved,
we avoid the difficulties in PDE-based discretizations caused by the presence of high
frequencies that are not well captured by the schemes. See the section on finite difference
discretizations of hyperbolic equations.

There are many other difficulties in the numerical implementation of the method of
characteristics. For instance, we need to solve the characteristic backwards from z(t) to
z(0) and evaluate the initial condition at z(0), which may not be a grid point and thus
may require that we use an interpolation technique. Yet the method is very powerful as
it is much easier to solve ODEs than PDEs. In the literature, PDE-based, grid-based,
methods are referred to as Eulerian, whereas methods acting in the reference frame of
the particles following their characteristic (which requires solving ODEs) are referred to
as Lagrangian methods. The combination of grid-based and particle-based methods
gives rise to the so-called semi-Lagrangian method.
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7.2 Probabilistic representation

One of the main drawbacks of the method of characteristics is that it applies (only)
to scalar first-order equations. In one dimension of space, we can apply it to the wave
equation

Pu  *u 0 g.,0 0
O:ﬁ—mz(a———)(—%——)u,
x t Oz’ 0t Ox
because of the above decomposition. However, the method does not apply to multi-
dimensional wave equations nor to elliptic or parabolic equations such as the Laplace and
heat equations. The reason is that information does not propagate along characteristics
(curves).

For some equations, a quasi-method of characteristics may still be developed. How-
ever, instead of being based on us following one characteristics, it is based on us following
an infinite number of characteristics generated from an appropriate probability measure
and averaging over them. More precisely, instead of looking for solutions of the form
w(t, z(t)), we look for solutions of the form

u(t, v) = E{uo(X (1))|X(0) = =}, (7.6)

where X (t) = X(t,w) is a trajectory starting at x for realizations w in a state space
2, and E is ensemble averaging with respect to a measure PP defined on €. It is not
purpose of these notes to dwell on (7.6). Let us give the most classical of examples.
Let W (t) be a standard one-dimensional Brownian motion with 1 (0) = 0. This is an
object defined on a space € (the space of continuous trajectories on [0,00)) with an
appropriate measure P. All trajectories are therefore continuous (at least almost surely)
but are also almost surely always non-differentiable. The “characteristics” have thus
become rather un-smooth objects. In any event, we find that

u(t, z) = E{ug(z + W(2t))}, (7.7)
solves the heat equation
ou  0%u

This may be shown by e.g. It6 calculus. Very briefly, let g(W(2t)) = uo(z + W (2t)).
Then, we find that

dg 10%¢g dg 0%g

%dWQt + §@dWQtdW2t = %dWQt + @dt,

since dWoudWoy = d(2t). Using E{Wy} = 0, we obtain after ensemble averaging that
(7.7) solves (7.8). We thus see that u(t,z) is an infinite superposition (E is an inte-
gration) of pieces of information carried along the trajectories. We also see how this
representation gives rise to the Monte Carlo method. We cannot simulate an infinite
number of trajectories. However, we can certainly simulate a finite, large, number of
them and perform the averaging. This is the basis for the Monte Carlo method. Note
that in (7.7), simulating the characteristic is easy as we know the law of W (t) (a cen-
tered Gaussian variable with variance equal to ¢). In more general situations, where the
diffusion coefficient depends on position, then W (2t) is replaced by some process X (t; )
which depends in a more complicated way on the location of the origin x. Solving for
the trajectories becomes more difficult.

dg =
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7.3 Random Walk and Finite Differences

Brownian motion has a relatively simple discrete version, namely the random walk.
Consider a process Sy such that Sp = 0 and Si; is equal to Si + h with probability %
and equal to S, — h also with probability %

We may decompose this random variable as follows. Let us assume that we have
N (time) steps and define N independent random variables z;, 1 < k < N, such that
xr = +1 with probability % Then,

Sn =h Zn: Tk,
k=1

is our random walk.

Let us relate all this to Bernoulli random variables. Define gy, for 1 < k£ < N, N
independent random variables equal to 0 or 1 with probability % and let X, = >0 vk
Each sequence of n of 0’s and 1’s for the 3 has probability 27". The number of sequences
such that ¥, = m is (:1) by definition (number of possibilities of choosing m balls among
n > m balls). As a consequence, using x; = (2y, — 1), we see that

P = P(S, = hm) = 5. (&) (7.9)

2
Exercise 7.1 Check this.

Note that S, is even when n is even and odd when n is odd so that 2™ is always an

integer. We thus have an explicit expression for 5,,. Moreover, we easily find that
E{S,} =0,  VarS, =E{S?} = nh®. (7.10)

The central limit theorem shows that S, converges to W(2t) if n — oo and h — 0
such that nh? = 2t. Moreover, S,, also converges to W (2at) in an appropriate sense
so that there is solid mathematical background to obtain that .S, is indeed a bona fide
discretization of Brownian motion. This is Donsker’s invariance principle.

How does one use all of this to solve a discretized version of the heat equation?
Following (7.7), we can define
Up = E{Uf+h,15n}, (7.11)

where U ]Q is an approximation of ug(jh) as before, and where U} is an approximation
of u(nAt, jh). What is it that we have defined? For this, we need to use the idea of
conditional expectations, which roughly says that averaging over two random variables
may be written as an averaging over the first random variable (this is thus still a random
variable) and then average over the second random variable. In our context:

an = IlE{UjOerlJr.A.ern} = E{]E{[ljj'o+x1+...+zn|xn}} ]
= §E{U]Q+1+$1+...+xn_1} + §E{U]Q—l+:c1+...+xn_1} = 5 (U;:ll + Uf—_11>'

64



In other words, U solves the finite difference equation with A\ = % (and ONLY this
value of A the way the procedure is constructed). Recall that

A= =2 (7.12)

where D is the diffusion coefficient. In other words, the procedure (7.11) gives us an
approximation of

du 0*u

D=

ot Oz?

when At and h are chosen so that (7.12) holds.

=0, u(0, z) = uo,

7.4 Monte Carlo method

Solving for U} thus requires that we construct S, (by flipping n £1 coins) and evaluate
X = UJQ Rl If we do it once, how accurate are we? The answer is not much. Let us
look at the random variable X. We know that E{X} = U} so that X is an unbiased
estimator of U?'. However, its variance is often quite large. Using (7.9), we find that

P(X =U}\,,) = pm- As a consequence, we find that:

0? = VarX = ipk ((/'J(-),,g - iplU]Ql)Q. (7.13)
k=1 I=1

Assume that UJQ = U independent of j. Then o¢? = 0 and X gives the right answer
all the time. However, when U° is highly oscillatory, say (—1)!, then > p,U? , will be
close to 0 by cancellations. This shows that o will be close to Y, px(U ]ka) , which is
comparable, or even much larger than E{X}. So X has a very large variance and is
therefore not a very good estimator of U

The (only) way to make the estimator better is to use the law of large numbers by
repeating the experiment M times and averaging over the M results. More precisely,
let X, for 1 < k < M be M independent random variables with the same law as X.
Define

1 M
Sm= 7 ;Xk. (7.14)

Then we verify that E{Sy} = U7 as before. The variance of Sy is however significantly
smaller:

M 1 M B VarX

VarSy = E{(% S (X - U;))Q} = HED (G - Uy =

k=1 k=1

since the variables are independent. As a consequence, S, is an unbiased estimator of
UJ with a standard deviation of order O(M~%/2). This is the speed of convergence of
Monte Carlo. In order to obtain an accuracy of € on average, we need to calculate an
order of £72 realizations.

How do the calculations Monte Carlo versus deterministic compare to calculate U}
(at a final time nAt and a given position j)7 Let us assume that we solve a d-dimensional
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heat equation, which involves a d-dimensional random walk, which is nothing but d
one-dimensional random walks in each direction. The cost of each trajectory is of order
n ~ (At)~! since we need to flip n coins. To obtain an O(h?) = O(At) accuracy, we
thus need M = (At)~2 so that the final cost is O((At)7?).

Deterministic methods require that we solve n time steps using a grid of mesh size
O(h) in each direction, which means O(h~¢) discretization points. The total cost of
an explicit method is therefore O((Ath?)~!) = O((At)"1=%). We thus see that Monte
Carlo is more efficient than finite differences (or equally efficient) when

1 1

@ S m, 1.e., d Z 4. (715)

For sufficiently large dimensions, Monte Carlo methods do not suffer the curse of
dimensionality characterizing deterministic methods and thus become more efficient.
Monte Carlo methods are also much more versatile as they are based on solving “random
ODEs” (stochastic ODEs), with which it is easier to account for e.g. complicated
geometries. Finite differences however provide the solution everywhere unlike Monte
Carlo methods, which need to use different trajectories to evaluate solutions at different
points.

Moreover, the Monte Carlo method is much easier to parallelize. For the finite
difference model, it is difficult to use parallel architecture (though this a well-studied
problem) and obtain algorithms running time is inversely proportional to the number
of available processors. In contrast, Monte Carlo methods are easily parallelized since
the M random realizations of X are done independently. So with a (very large) number
of processors equal to M, the running time of the algorithm is of order At~!, which
corresponds to the running time of the finite difference algorithm on a grid with a small
finite number of grid points. Even with a large number of processors, it is extremely
difficult to attain this level of running speed using the deterministic finite difference
algorithm.

Let us conclude by the following remark. The convergence of the Monte Carlo
algorithm in M =2 is rather slow. Many algorithms have been developed to accelerate
convergence. These algorithms are called variance-reduction algorithms and are based
on estimating the solution U} by using non-physical random processes with smaller
variance than the classical Monte Carlo method described above.
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