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CHAPTER 1

Introduction






CHAPTER 2

Basic concepts

This chapter reviews some basic tools from numerical analysis, and provides some pointers on
Matlab programming. Prior knowledge of the material is very much expected!

2.1. Quadrature

Consider the task of approximating the integral:

I:/abf(x)d:c

where f is a given (reasonably smooth) function. Fix an integer n, set

b b—a
n
and define the points {x;}7_, via
z; =a+jh.
In particular,
Ty = a, and Ty = 0.

One of the simplest approximations is via the trapezoidal rule:

n—1
h
L = 5 f(z0) ‘f’Z?f(xj)"‘f(wn)
j=1
If f is a C? function, then
I — I| = O(h?),

as h — 0.

A slightly better approximation is obtained from Simpson’s rule. Supposing that n is an even
number, it reads:

n/2
Fao) + D (4 f(waj-1) + 2 f(w25)) + f(n)

Jj=1

:g(f(xo)+4f(961)+2f(962)+4f(x3)+2f(964)+"'+2f(xn—2)+4f(93n—1)+f(1‘n))

If fis a C* function, then

h
12:§

|I — I| = O(h),
as h — 0.



The points {xj}?zo are called quadrature points and the factors {wj};?zo multiplying them are
called quadrature weights. For instance, in Simpsons rule, we have

ok 4h 2h 4h 4h h

= — — 3

w3:§, wn—1:?7 Wn =

Both the trapezoidal rule and the Simpson rule are examples of quadrature from the class of rules
called Newton-Cotes formulas. These are handy when the integrand is given at equispaced points.
If you can pick the quadrature points yourself, then there are more accurate methods available.
Of particular use in practical work are the so called Gaussian quadrature rules. For a given order
p, a Gaussian rule has

nodes: {:Uj}?:l,
weights:  {w;}i_;.
The convergence order is very high. If f is sufficiently smooth, then for some & € (a, b):

b ) d — d wr flgs) = (b—a)* ™ (n)* o
(2.1) /af()d Z 11(0) = e O

If the interval I = (a, b) is large, one typically uses so called composite quadratures. We then split
I into n parts, each of length h,

h= . wmj=a+hi, L=z, @),

and write the integral as a sum over the sub intervals:

n

b Xj
/ flx)dx = f(x)dx.
a ]71 Tj—1

Each term in the integral is then evaluated using a p’th order Gaussian quadrature.

2.2. The FFT

The Fast Fourier Transform (FFT) is an algorithm (with many variations) for rapidly evaluating
the Discrete Fourier Transform (DFT). It was published in 1965 and has become an extremely
useful tool in computing. Curiously, it was originally discovered by Gauss around 1805.

For a vector x € CV, the DFT is an N x N matrix F (or simply F if the dimension is unambiguous)
defined via

FNomn = 6—i27rmn/N.
Given a vector x = [x(m)]N=} € CN, its discrete Fourier transform X is then defined as
N-1
(2.2) %(n) = [Fyx](n) = Y e 2™/ Nx(m),  n=0,1,2,...,N-1
m=0

The DFT preserves Euclidean distance up to a multiplicative factor of v/ N,
IX]| = [[Fxx|| = VN [x||,  wvxeCV,
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where || - || is the usual Euclidean norm

N-1 1/2
||x|| = (Z IX(m)I2> :
m=0

Since Fy is dense, the direct evaluation of the sum (2.2) would require O(N?) operations. In
contrast, the FFT does the job in O(N log N) operations.

The inverse of the DFT is given by
| Nl '
x(m) = [Fy'%](m) = v > e2mimn/N g(n).
n=0

REMARK 2.1. The inverse of F is in fact its adjoint (or the complex conjugate of its transpose).
Observe that for any unitary matriz U, it is the case that UU* = U*U = |. The Fourier transform
s a unitary map up to scaling by a factor of vV N. In other words, FF* = N I.

The FFT is a classical example of a divide-and-conquer algorithm. It takes a problem of size
N, and splits it into two analogous problems of size N/2, these are then split further into four
analogous problems of size N/4, etc. To see how it works, suppose that N is an even number, set
N = 2P, and split the formula for the DFT into two halves, one that includes the odd indices,
and one that includes the even indices:

x(n) =[Fyx](n)
N—-1

_ Z e—27rimn/N x(m)

m=0
P-1 pP-1

_ e~ 2mi2mn/(2P) y (9) 4 Z e~ 2mim+)n/2P) y (9 4 1)
m=0 m=0
P-1 Pl

_ e~ 2mmn/P y(9m) 4 e 2RIIN N o m2mimn/P y (9 4 1)
m=0 m=0

e—27rin/N [

= [FN/QXeven] (n) + FN/QXOdd](n)a

where
Xeven = X(0: 2: (N —2)) = [x(0), x(2), x(4), ..., x(N —2)]*,
Xodd = X(1:2: (N —1)) = [x(1), x(3), x(5), ..., x(N —1)]".

We see how the task of applying one matrix of size N x N and been reduced to the task of applying
two matrices of size (N/2) x (N/2).

How much does the FFT cost? We find that the cost is about the same on every level, and since
there are roughly log N levels, the total cost is O(N log N).

The FFT as described above is a precise algorithm — there is no approximation involved. In
practice, it will be executed in finite precision arithmetic and there will be some round-off errors.
Curiously, the output of the FFT is often more accurate than what you would get be evaluating
(2.2) directly!

Some comments:



e The speed of a program depends greatly on how it is implemented. It often pays off to
avoid recursions if possible. The reason is that moving data is often more expensive than
executing the floating point operations.

e In the simplistic version described here, we assume that IV is a power of 2. There exist
very effective versions of the method for any N. (The notion that that the performance is
poor unless N could be factored into small integers, is no longer accurate — even prime
N works fine.)

e The DFT inherently operates in complex arithmetic. There exist analogous transforms
that are purely real. For instance, in the discrete cosine transform (DCT) a vector is
represented as a sum of cosines. Fast transforms very similar to the FFT exist for the
DCT.

e The data flow can be organized as a butterfly. This is a very powerful idea for which
many areas of application have recently been found — look it up!

e The method can be generalized to form non-uniform Fourier transforms where the points
in neither physical space nor Fourier space need be equispaced.

Most important fact about the FFT: It is very fast. If you can solve a problem using the
FFT to the accuracy required, then you probably should.

REMARK 2.2. The Matlab definition of Fy is given by
e—i?ﬂ'(m—l)(n—l)/]\f.

an

This definition is convenient when the indices of a vector x run from 1 to N, rather than from 0
to N — 1. The difference is purely cosmetic and it is trivial to switch between the definitions.

2.3. Accuracy and complexity of an algorithm

As we saw in the section on quadratures, it is common that the error of a numerical algorithm
depends polynomially on some “discretization parameter.” For classical methods for simple tasks,
one can often derive theorems that precisely give expressions for the error. In practice, this is
sometimes very hard, or, perhaps more frequently, simply not worth the effort. We then estimate
the function numerically. Suppose that the error F is a function of a discretization parameter h
so that E = E(h). We believe that

E(h) ~c-h", as h — 0,

where ¢ is some constant and r is some positive integer. Estimating these is in principle easy
— simply generate a table of E for some suitably chosen values of h, and plot these in a log-log
diagram. We see that

log(E) ~ log(c) + r log(h),
so the convergence order r can be read off by estimating the slope of the graph. (In order to get
good grid spacing in the graph, it is useful to space the sample points geometrically, for instance:
h=1,1/2,1/4,1/8, 1/16, ...) In practice, complications may arise:

e The asymptotics might not “kick in” until h is very small, making it costly to estimate.
But this is useful information in its own right! If you don’t see the convergence until A is
extremely small, then the method is probably not very good.
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e Sometimes convergence is “too fast.” You hit round-off errors before you can determine
the slope. Well, in this case the method is typically good enough. (And who cares about
the exact order in this case?)

A quick-and-dirty way of estimating the convergence order is to cut the discretization parameter
in half and take the 2-logarithm of the results. Note that

022 (s ) ~ 108 (= gy ) ~ o (2 =

[Rewrite this section — start with a brief review of the Cauchy remainder theorem, and then
explain how this applies (or not) in practice.]

[Also comment on parallelization.

2.4. Good programming habits
2.5. Review of the Gauss and Stokes’ theorems

2.6. Exercises:

Question 2.1. Derive the Simpson rule and prove that it has an O(h*) error.

Hint: To determine the coefficients in the rule, consider the formula

h
/hf(x)d:c ~af(—h)+0bf(0) +cf(h).

Making the formula exact for f(z) = 1, f(z) = z, f(z) = 22 yields three equations for three
unknowns. Then to estimate the error, notice that if f is any function with four continuous
derivatives, then
1 1 1
f(@) = £(0) +2 £(0) + 52 £(0) + £ 2® fO(0) + 7 ot FD()
for some ¢ such that [£| < |z|.

Question 2.2. The purpose of this question is to demonstrate the importance of avoiding loops
when writing Matlab programs. Consider the trapezoidal rule

n—1
I~h %f(xo)—i—Zf(l‘J)—F%f(l‘n) ;
=1

where n is the number of quadrature points and

h—
h = a’ zj=a+hj.
n

Consider the following two Matlab functions:

11



function I = trapezoidall(f,a,b,n)
h = (b-a)/n;
I = 0.5%h*x(f(a) + £(b));
for icount = 1:(n-1)
I = I + h*f(at+ticountx*h);
end
return

function I = trapezoidal2(f,a,b,n)
h = (b-a)/n;
w = h*x[0.5,0ones(1,n-1),0.5];

x = linspace(a,b,n+1);
I = sum(w.*f(x));
return

Let t; = tj(n) denote the time required for Matlab to execute “version j” of the program. Show via
numerical examples that the ratios ¢j(n)/n converge to some numbers ¢; as n grows, and estimate
these numbers.

Hint: The timing functions tic and toc will not give accurate answers when the interval between
them is very short. A way around this is to execute the function you want to time (say) 1000
times, and then divide the measured time by 1000.

Question 2.3. Implement the trapezoidal rule and the Simpson rule efficiently. Then measure the
convergence order of your functions for a variety of different (You know them, of course, but let
us measure them as an exercise.) In this exercise, you may use the built-in function

I = quad(f,a,b,tol)

to compute the “exact” answer. Use your functions to estimate the integral

! 1
I= R
/OC°S<0.01+952> v

Produce (loglog) graphs that plot the error in your function versus h, where h = 1/n and
n = 100, 200, 400, 800, 1600, ..., 51 200.

How would you estimate the convergence order if you do not have a “reference” function to compute
the “exact” answer?

Question 2.4. Repeat Question 2.3, but now use Gaussian quadrature. In other words, construct
a function with calling sequence

function I = gaussquad(f,a,b,n,p)

12



that uses Gaussian quadrature on n panels, with p points on each panel. Estimate computationally
the “order” of the method as n and p increase. Produce a graph that plots the accuracy of the
Simpson rule versus the accuracy of the Gaussian rule for p = 5, 10, 15, 20 (for the same number
of function evaluations).

Note: 1 believe that there is no built-in Matlab function for generating Gaussian quadrature nodes
and weights. On the webpage you’ll find a simple function 1gwt.m that does this task.

Question 2.5. Write a function for estimating the integral

d b
I = / / f(l'l, 562) dl‘l dl’g.
c a

You may use either Gaussian or Newton-Cotes quadrature. Then estimate the integrals

1

1 1
I]_(k) :/0 /0 COS(]CSU]_ x%)l—}—Ts(gjl) de]_ dSUQ,

1 1
1
I (k) = k N————dxid
2(k) /0 /0 | cos( xlx?”l—i—cos(xl) 1 dxo,

for different values of the positive integer k. Roughly how large can k be for you to quickly (say
within a second) get 10 accurate digits?

Question 2.6. Consider three different ways of computing the DFT:

(a) Apply it directly via the formula
N-1 '
x(n) = [Fyx](n) = Z e 12mmn/N x(m), n=0,1,2,..., N—1.
m=0

(It is strongly recommended to vectorize the matrix-vector product.)

(b) Build your own implementation of the basic FFT algorithm described in Section 2.2.
(This is the Cooley-Tukey algorithm.)

(c) Apply the built-in Matlab command FFT. (Last time I checked, Matlab used the FFTW
package, but this may have changed.)

Measure the asymptotic timing for each of the methods, and comment on what you observe.

13






CHAPTER 3

The Laplace and Poisson equations — basic solution strategies

This chapter reviews some of the classical solution strategies for the Laplace and Poisson equations.
These techniques lead to extremely efficient numerical solvers when they work, but the caveat is
that they do not work very often — only for trivial geometries such as a line, a disc, a rectangle, all
of R?, etc. We will review them anyway since learning about these methods will help us understand
basic properties of the equations, and enable us to derive equally efficient methods for more generic
situations in later chapters.

3.1. Problems on finite domains in R

3.1.1. A 1D problem with periodic boundary conditions. Consider the differential
equation

(31) —U”(l‘) = f(x)a T € (—7‘(’,71')
with periodic boundary conditions
(3.2) u(—m) = u(nm), v (=) = u' (7).

First we construct an analytic solution. Suppose
inx

uw) =y “m

n=—oo
E fn NoTS
n=—oo

where {i,}5°__ and {f,}22___ are the Fourier coefficients of u and f, respectively,

i —ine(z) de,
" V 27T /;7r )
Vv —T
We find that
- 3 e,
n=—oo
o (3.1) takes the form
i ) eine io: . einz
(3.3) n* ly — = In .
o V2 = V21



We see that the solution is

(3.4)
L

where
fo= o /_ e () de

Next, let us discretize (2.2) using the standard difference formula

() = %(—u(m ~h) 4+ 2u(z) — u(z + B)) + O(R).

We split the interval (—m, ) into N pieces of length
27
h=—
N )
and set
Ty = —7 + hm.

Further, let u,f € CV denote approximations to u and f,

u(m) ~ u(xy,),

f(m) = f(zm).
The discrete analog of (3.1) is
1
(3.5) ﬁ(—u(n —1)+u(2n) —u(n+1)) = f(n).
Define a shift operator
[7pu](m) = u(m — p).
Observe that
N-1
Fruln) = 3 e 27"V u(m — p)
m=0
N-1
_ e—i2m (k+p)n/N u(k)
k=0

N-1

_ 67i27rpn/N Z efiQWkn/Nu(k)
k=0

_ €—i27rpn/N ﬁ(n)

In Fourier space, (3.5) takes the form

1 . A
(3.6) ﬁ(—e’%"/N+2 e 2™/Nya(n) =f(n), n=012 ...

Now recall that for any z € C:

— 42— e = — (/% — e7%/2)2 = _(isin(z/2))% = 4 sin®
Consequently, (3.6) simplifies to
(3.7) a(n)a(n) = f(n),
where 1
o(n) = 72 sin?(mn/N).

(2/2).



The key point here is that the difference equation (3.5) is by the Fourier transform converted to
the algebraic equation (3.7). This equation can easily be solved,

a(n)={ 5‘1’”0?(”)’ nfg

and then the approximation to u is recovered via the inverse Fourier transform

Z
=

; 1 f(n) ;
m) A _ F—l _ 27r7,mn/N 27rzmn/N‘
ulom) & u(m) = | R N 2 o(n) "

REMARK 3.1. When N is large, the low frequency modes of the DFT in a sense “converge” to the
continuous Fourier transform. For instance, since h = 27 /N, we see that

2

N
sin?(7n/N) = — sin?(mn/N) ~ n?
v

4
70 = Ga/Ny

when n/N is small. The factor “n?” is precisely what we saw for in the continuous case, cf. (3.3).

REMARK 3.2. The solution formula (3.4) can be rewritten as a convolution:

T ,—iny

1 eine e
u(x)—nZ#OnQ 7= o Twdy

T etn (z—y)
= / Z oan? f(y) dy
T \n#0

™

= [ Gz—vy) f(y)dy,

—Tr
where G is the fundamental solution of the equation:

inx

e
G(z) = Z 2T n2
n#0

REMARK 3.3. How many Fourier modes do you need to get a requested accuracy? Suppose you
approximate u by the first N modes of the solution

N elnz
3.8 U T) = Uy ——
( ) approx( ) Z n \/%
n=—N
Then using the Parseval formula, we see that

" A P
= tappe Bty = [ 1) ~ toponen(a) P o = 3 Jinft = 3

- |n|>N |n|>N

In other words, the error depends on how rapidly the Fourier modes of f decay — the slower the
decay, the more terms we need to achieve any given accuracy. And the speed of decay in (frn)oe_ oo
in turn depends on how smooth f is. For instance, if f € CP(I) for some integer p, then using

17



partial integration, we see that

Fol = / ¢ f () da

—T

/_ﬂ— %einz f’(x) dr

nx

T 1 3 1

[ e s
™ 1 )

= = | e (O @

1 1 4
< - = (p) dz.
o vV 2T |n’p /—7r ’f ($)| !

(Periodicity makes the boundary terms in the partial integrations vanish.)

REMARK 3.4. We are sometimes interested in evaluating the derivative of the approzimation Uapprox
as defined by (3.8). In a sense, this is easy since

N einx N i oA ein:p
3.9 Ul rox (T) = MUy —F— = — fn——
( ) app: ox( ) nZ_N n \/ﬂ nZ_N n fn \/%

However, it is important to note that ||u" — uy,,0.|| converges more slowly than ||u — wapprox||. In
fact:

Hu'fu' ||22 — Z |ZTL’LAL |2: Z ’fn|2
approx |1 L2(]) n n2

[n|>N [n|>N

The observation that the computed derivatives are less accurate than the computed function values
is very common in the context of numerical methods for PDEs (finite elements, finite differences,
fourier methods, boundary integral equation methods, etc.). You would typically aim for approxi-
mating u well, do an OK job of approrimating the first derivative, and not even hope for a good
approzimation to the higher derivatives.

3.1.2. A 1D problem with homogeneous Dirichlet boundary conditions. Consider
the differential equation

—u'(z) =

S
(3.10) w0y = 0
u(m)= 0

(x), x € (0,m),

This equation can also be solved via Fourier methods. A suitable basis is now

2
(3.11) on(z) = \/7 sin(n x), n=12,3,...
T

We find that
—gn(x) = n®pu(x), z € (0,m),
(3.12) on(—m) = 0,
on(m)= 0

18



Moreover, (¢,)%; is an orthonormal basis for L?(I) — the set of square integrable functions on
I = (0, m). We let (a,) and (f,) again be the expansion coefficients

u(x) = Z Up, 9071(‘7:)7
n=1

F@)=>" faon(@)
n=1
where {,}5°__ and {f,}22___ are the Fourier coefficients of u and f, respectively,
Uy, = / on(z) u(z) de,
0
fo= /0 on(z) f(x) de.

The sequences (i) and (f,) can be computed via the FFT, and so can the map back to physical
space.

REMARK 3.5. It seems very fortuitous that we should have such convenient sets of orthogonal
functions for expanding the solution. This is not a coincidence! Many of the differential equations
that arise are for physical reasons “self-adjoint.” And one can prove that for many self-adjoint
operators you can construct a sequence of functions that is both a orthonormal basis for the relevant
function space, and eigenfunctions of the differential operator. In fact all self-adjoint operators
admit a somewhat weaker statement: namely that there is some unitary transform that maps them
to diagonal operators. For details, look up the spectral theorem.

REMARK 3.6. The eigenfunctions v, defined by (3.11) can easily be determined by considering the
differential equation

—¢"(x) = Ip(x), x € (0,m),
¢(0)= 0,
e(m) = 0.

The solutions to the equation ¢" + \p = 0 depend on the sign of \:

(1) If A =0, the solutions are p(x) = A+ Bzx.
(2) If A = —a?, the solutions are p(r) = Ae®® + Be %,
(3) If A = a2, the solutions are p(x) = A cos(azx) + B sin(ax).

The only solutions that satisfy the boundary conditions take the form
o(z) = Asin(nx),
where n is a positive integer. The choice A = \/2/7 is made so that

™ 1/2
1=kum):(/ WQM%M) .

A slightly different line of attack would be to separate the issues of (i) body load and (ii) boundary
conditions. To this end, let us first construct a function v that satisfies

~"(2) = fa), wel,

19



and not care about the boundary conditions. This can easily be done via Fourier methods as
outlined in Section 3.1.1. Now let us see if we can find a solution u of (3.10) by adding a correction
w to the solution v:

U =10+ w.
We find that w must satisfy the equation
—w"(x) = 0, x € (—m,m),
(3.13) w(—m) = —v(—n),
w(m) = —v(m).

Solving this equation is easy. Since w” = 0, we know that w must be linear:
w(z) = Az + B.
Using the boundary conditions, we easily determine A and B and find that
w(z) = —v(—m) — v(m).

REMARK 3.7. The general technique of first finding a solution that satisfies the body load, and
then to find a “correction” that solved a homogeneous problem and that takes care of the boundary
conditions is often applicable. The function v is called a “particular” solution.

x4+

3.2. Poisson’s equation on R? (no boundary conditions)

Next consider the equation
(3.14) —Au(z) = f(z), z € R%

For this equation, it is slightly tricky to formulate proper boundary conditions, but you have to
do something, otherwise the problem is not well-posed: For any given solution u of (3.14), the
function v(z) = u(z) + a + b - 2 would also be a solution for any a € R and b € R?. We will avoid
this discussion for now.

First we solve (3.14) via Fourier methods. The proper transform is now the continuous Fourier

transform:
1

u(t) = [Ful(t) = @n)ie /Rd e u(z) d, t e RY.

The inverse transform is given by

* A 1 itx o d
u(z) = [F u}(x):(zﬂ)dﬂ/we u(t) dt, x € R%
Via partial integrations, we see that for j =1, 2, ..., d:
- ; —itw _ _; —itx
F o)) = o /R T O ute) de = /R (D) ue) d

- ‘(27r1>d/2 /Rd<—z'tj> e u(w) dr = ity a(t),

In consequence, []:(ngu)](t) = (it;)?a(t) — t]2- u(t), and so
[F(=Aw)](t) = (] + 15+ + tg) a(t) = [t a().
Now (3.14) in Fourier space takes the form
it2a() = ft), teRL

20



This is an algebraic equation that we easily solve:
. 1 2
a(t) = P f(),

and then u is recovered via the inverse Fourier transform

o * A _ *f(t) _ 1 7 a:f(t)
(@) = [Fi)(z) = [Jf t2] (x)-—»(2ﬂjd/21A;de et

Some comments:

e The utility of the Fourier method depends on how smooth f is and how rapidly it decays.

e The continuous Fourier transform can sometimes be evaluated efficiently by combining
the FFT with a quadrature rule. This requires some care when f is non-smooth, or when
f does not decay rapidly (of course, these situations make things more complicated for
any numerical method).

Alternatively, one could solve the equation via a so called fundamental solution. To get there,
recall that a multiplication in Fourier space corresponds to a convolution in physical space. In
other words, if f and § are the Fourier transforms of two functions f and g, and

h(t) = f(t) a(t),
then!

(3.15) hla) = 1)) = (P (Fa)a) = +gl@) = [ 7o =) oo do

(To make (3.15) mathematically rigorous, one has to either assume that f and g are both sufficiently
smooth and sufficiently decaying to make all integrals make sense in a classical way, or reinterpret
the integrals as more general linear operators.) Specifically, with

(3.16) ¢:fﬂdJ
we find that
o) = |7 (o d) | @ = o 1) = [ ote =) ) a

The formula (3.16) is deceptively simple. Observe that the Fourier integral

1 o1
- indt
¢@)<%wﬂ4f T

is not integrable (in the Lebesgue sense) for any d! (When d = 1, it is not integrable at the origin,
when d > 3, it is not integrable at infinity, and when d = 2, it is integrable neither at the origin,
nor at infinity.) This problem can be overcome, and with suitable generalization of the Fourier
transform one can show that

1

b(a) =~ 5lal d=1
b(x) = — 5 oga] d=2
1

IThere is a factor of 27 missing here - check!
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REMARK 3.8 (Mathematical properties of F). The map F is a unitary transform of L*(RY) to
L?*(R%), meaning that
F*F=FF =1
As a consequence
[l gga) = (F*Fu, w) = (Fu, Fu) = |[al 22 g
The Fourier transform maps smooth functions to rapidly decaying functions, and vice versa:
f smooth < f decays rapidly
f decays rapidly < fsmooth

REMARK 3.9. Properly defining the Fourier transform on R takes some work since the integral in
the definition is typically not absolutely integrable. For instance, if you try to take the Fourier
transform of the function x — (1/2)|x| you’ll have problems at infinity (the integrand grows!)
and if you try to take the Fourier transform of the function t — 1/t> you’ll have problems at the
origin. One way around this difficulty is to consider a class of generalized functions often called
“distributions.” Well-known distributions include:

The Dirac J-function: The function 0 is a function such that (loosely speaking) d(x) =0
for all x, but

| t@)ia) o= 100,
for any sufficiently smooth function f.

The Heaviside function: The Heaviside function H is simply

-1 x <0,
H(‘”):{ 1 0> 2.

PV (1/z): The “principal value” function of 1/x is a “function” that satisfies function sat-

isfies:
/oo PV(1/x) f(z) dz = lim (/_ é (@) do + /:O i (@) dx) .

oo NO\J oo
The point of distribution theory is to rigorously define such functions, to specify how to compute
their derivatives, their Fourier transforms, etc. In this framework, you can properly formulate an
equation such as

_¢// — 5
and find that the solution is

1
x) = —|z|.
o) = Slal

The solution to the equation —u" = f is then given as

U@%=M*ﬂ@%=/w¢@—wf@My

since
d2 0o

@ =g [ - f@di= [ o) fwdy= [ - fwdy = ).

—0o0 —0o0
WARNING:Most equations in this remark are “improper” in the sense that they must be inter-
preted in a distributional sense. This material is provided as an encouragement to study distribu-
tional theory; reading this remark puts you at risk of “knowing just enough to be dangerous.”
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REMARK 3.10. The solution formula

uw) = [ oo =) f0)dy

can often be evaluated directly via a quadrature rule. There is however no good “generic” quadrature
rule for this case since (a) the domain of integration is infinite, (b) the function f may or may
not be smooth, and (c) the function ¢(x —y) is singular as y — x. However, assuming that we
have somehow resolved these issues, we would be left with the task of evaluating a sum such as

N
(3.17) u(w) =Y widlx—y;) fly;), i=1,2 ..., M
n=1

where {yj}évzl are the quadrature nodes, {wj}év:l are the quadrature weights, and {z;}}, is the

set of points where the solution is sought. Evaluating the sum (3.17) directly requires O(M N)
operations, which quickly gets prohibitive when M and N grow. Howewver, this task is exactly what
the Fast Multipole Method (see Chapter 4) is designed for. It evaluates the sum in O(M + N)
operations.

3.3. Problems on finite domains in R?

3.3.1. The square. Let 2 = [0, 7] x [0, 7| be a square in the plane with boundary I" = 9€2.
In this section, we will briefly review techniques for solving the equation

—Au(z) = f(x), x € Q,
u(z) = g(x), xel.

We consider first the two special cases where either ¢ = 0 or f = 0.

3.3.1.1. Zero Dirichlet data. Consider the equation

—Au(z) = f(x), x € €,
(3.18) { uga:; = g( | xi I.

Define the index set
I = {(n1, na2) : n1 and ng are positive integers},
and the basis functions

2
on(x1,2) = — sin(nix1) sin(nexs), nel.
T

These basis functions have three important properties:

(1) The basis functions form an orthonormal set in L?(£2):

1 when m =n

/ngn(w) pn(w) dA(2) = { 0 when m # n.
(2) The basis functions span L?(2) which means that any function f € L?(£2) can be written

f = Z fn Spn(x)a

nel

where fn are the expansion coefficients
fu= | enla) S(@)dA).
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(3) The basis functions are eigenfunctions of (3.18):

—Apy(2) = (nf + n3) (), r €,
on(z) =0, xz eT.

We now look for a solution of the form

u:Zan%.

nel
Since
—Au =" (nf +n3)in on,
nel
and

F=Y faenlx),
nel
we see that the expansion coefficients of u are

>

Up = ny

1
n% —|—n%
and so
1 .
u = —_ .
nel

REMARK 3.11. How do you find the basis functions ¢, and the index set I? This is done by
separating vartables. We look for an eigenvector ¢ of the form

o1, 2) = Y1(z1) P2(2)
that satisfies
—Ap(x) = p(z), x €,
o(x) =0, zel.
We find
— P (1) Ya(@2) — Y1(21) Y5 (22) = A1 (1) P2 (21).
Dividing by 112 we obtain the equation
_i(@) () _
Yr(1)  tha(a2)
Since the first term on the LHS is the only one that depends on x1, we find that it must be constant:
_ (@)
Y1 (21)

for some . Using also that 11(0) = 1 (7) = 0, we find that (cf. Remark 3.6) a = n? for some
positive integer, and

1ﬁ1 =A sin(m :El)

for some constant A. Analogously, one of course determines that 1o = B sin(ng x2) and then the
constants A and B are determined via the condition that

1= ([l oy = /Q o(@)]? da.
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3.3.1.2. Zero body load. Now consider the equation

—Au(z) =0, x €,
(3.19) u(zr) = g(x), zel.

Let us split the boundary data g into four separate function, one on each side (the south, east,
west, and north sides, respectively):

9(t,0) =g (#),
g(m ) =¢'°)(#),
g(t,m) =g™(8),
9(0,) =g™(t)
Then write the solution u of (3.19) as
U=v+w
where
—Av(z) =0, x € (),
0(0,29) = g™ (z), 0<zo<m
(3.20) o(m, x9) = ¢ (), 0<zo<m
v(x1,0) =0, 0<z <7
v(z1,0) =, 0<z <m,
and
(—Aw(z) =0, x €,
w(0,z2) =0, 0<zy<m
(3.21) w(m, z2) =0, O<zg <7
w(z1,0) = ¥ (z), 0<z <m
w(zy,7) = g™ (2), 0<uz <.

In order to solve (3.20), we look for a solution of the form

v(zy, x2) = Z vp (1) sin(nxg).
n=1

We find that

o0

0=—-Av= Z(—UZ(HH) +n? Up (1)) sin(nas)

n=1

so each v, must satisfy the differential equation
—vl +n?v, = 0.
The solution is

(3.22) vn(x1) = A, cosh(nzy) + B, sinh(nzy).
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Now we need boundary conditions for v,(0) and v, () to determine A,, and B,,. To this end, not
that {sin(nz2)}>2, forms an orthogonal basis for L2([0, 7]), so we can expand g(") and ¢(®):

() = Z o) sin(nt),
n=1

t) = Z 3% sin(nt).
n=1

Inserting the boundary conditions at 1 = 0,7, we find

o0

v(0, z2) :Zvn(O) sin(nas) = g™ (x)
=1

v(m, ma) =Y vp(m) sin(nzg) = ¢! (z2).

=1
So the functions v, have boundary conditions

(3.23) Ua(0) =55
(3.24) on () =5©).

Combining (3.22) and (3.23), we find that

gﬁf’ g,(lw) cosh(nm)

= ¢ cosh inh .
vp(z1) = g, cosh(nzy) + Sinh(n7) sinh(nx1)
Finally, the solution of (3 20)
~(e) _ a(w)
gn’ — gn ~ cosh(nm) | .
v(z1,2) ( cosh(nzy) + Sinh(r7) smh(n:zl)) sin(n z2).

Of course, equation (3.21) is solved analogously.

3.3.1.3. Non-zero boundary data, and non-zero body load.

—Au(x) = f(z), x € €,
. (@)= /@)
u(x) = g(x), zel.
Simply combine, let v be the solution to
—Av(@) = fz),  we
v(z) =0, zel,
let w be the solution to
—Aw(x) =0, x €,
9(z), z €T,
and then set
U =0+ w.

The function v can be determined using the methods of Section 3.3.1.2 and w can be determined
using the methods of Section 3.3.1.1.

Alternatively, you could find a solution v to
—Av=f
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with periodic boundary data:

v(0, z2) =v(m, x2), 0<z9 <,
[010](0, z2) =[01v](7r, x2), 0 <z <m,
v(x1,0) =v(z1, ™), 0<z <m,
[02v](x1,0) =[02v](x1, T), 0<uz <m.

This is easier technically since the plain FFT applies. Then for the homogeneous problem, you’d
need to solve

—Aw(x) =0, x €,
w(z) = —v(z) + f(x), xel.

3.3.2. The disc. Next let 2 denote a disc with boundary I:
Q={zeR?: |z| <1}
I ={z cR?: |z| =1},
and consider the boundary value problem
—Au(z) = f(z), x €,
{ u(z) = g(x), xel,
It is now convenient to switch to polar coordinates (r,0) which are defined by
xr1 =1 cosf To =1 sinf.

Then we think of u as a function of  and 6, and the Laplace operator takes the form
1 1
2 2
—Au = —0;u— ;&u — 3 Oju.

In this section, we will look for solutions of the form

o0

(3.26) u(r,0) = Z(vn(r) cos(nb) + wy(r) sin(nb)).

n=0

3.3.2.1. Zero body load. Consider the equation

597 —Au(z) =0, x €,
(3:27) u(z) = g(x), xel.
We look for a solution of the form
(3.28) u(r,0) = Z cnriPlemd
Then

—Au=0

for any numbers (¢, )52 _ . such that the sum converges sufficiently fast. To determine the numbers
(¢n), we apply the boundary condition. For r = 1, we obtain

g(cos@,sinf) = u(1,0) Z cn e,

n=—oo
so the ¢,;’s are simply the Fourier coefficients of g:

1 21

Cn = 5 e~ g(cos B, sin 0) db.
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REMARK 3.12. How did we know to make the Ansatz (3.28)? It can again be obtained from
separation of variables: We look for a solution of the form u(r,8) = v(r) w(0) that satisfies —Au =
0. This translates to the equation

1 1

—0"(r)w(9) — . V' (r)w(h) — 2 v(r)w”(0) = 0.

Now “separate the variables” by multiplying the equation by r?/vw:

p0"(r)  W(r) _ w"(0)

i) T el T w)
Since the LHS depends only on r, and the RHS depends only on 0, there must be some number
such that

(3.29)

The solutions to (3.29) depend on the sign of a:

(1) If a = =32, then the solutions are w(f) = Ae? + B9,
(2) If a« =0, then the solutions are w(f) = A+ B6.
(3) If a = B2, then the solutions are w() = Ae’? + Be 97,

Since w must be 2m-periodic, the only possibility is that o = —n? for some integer n, and the
corresponding solution is

w(e) — eim9.
Returning to the separated equation, we now find that v must satisfy

. 20" (r) . v'(r) _ 2

o) ()

for some integer n. This simplifies to the Fuler equation

20" (r) + o' (r) = no(r) =0

which has solutions
v(r)=Ar"+Br "
if n is non-zero, and
v(r) = A+ B log(r)
if n = 0. Using that the solution has to be bounded as r — 0 we discard the log(r) and the negative
powers of r and are left with the basis function in (3.28).

REMARK 3.13. The Laplace problem on a disc can alternatively be solved very easily using complex
variables. (Thiiremark assumes some knowledge of harmonic analysis.) If u is a function that is
continuous on §, and harmonic on 2, then there is an analytic function w = w(z) such that

u(z) = Re(w(z)).

The disc is now parameterized with the complex variable z = x1 + i x2. Since w is analytic, it has

a Taylor expansion
o0
w(z) = Z ap 2"
n=0

Now stmply observe that
Re(2") = 1" cos(nb), Im(z") = r" sin(n#).
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3.3.2.2. Zero Dirichlet data. Consider the equation

{ —Au(z) = f(x), x € Q,

(3:30) u(z) =0, zel.

The eigenfunction of (3.30) are
gpnyj(x):emgg]w(k;nl ), ner ji=1,23, ...

where, for m =0, 1, 2, 3, ... the functions J,,, are Bessel functions, and k7", k5*, k%", ... are the
zeros of the m’th Bessel function. One can show that
— A = (k")

Consequently, the solution to (3.30) is

-y

in 6
fn,jem J|n‘(k|.n| r),
ez j=1 ( kln' ’
nez j=

where
1

fs = / Png (130 £(r,0) dA.

||<Pn,j||%2(g) Q
REMARK 3.14. How find the eigenfunctions? Again use separation of variables. Set u(r,0) =
v(r)w(0), then the eigenvalue problem
—Au = \u

takes the form

" / !

L2t ) w0

v(r) o(r)  w(d)
As earlier, we ﬁnd that by enforcing periodic boundary conditions on w, the only possible solutions
are w(h) = e "% and so the equation for v reduces to

1 /
_2v (r) _ v'(r) 2 A2,

" v(r) " v(r) =
which simplifies to the Bessel differential equation:
—r2"(r) = (r) + (n2 — )\7“2) v(r) = 0.

The solutions are

v(r) = AJ, (VA1) + BY, (VAr),
where J, and Y, are Bessel functions. Using that v should be bounded on ), we drop the Y, ’s.
From the boundary value v(1) = 0, we finally find that the eigenvalues A are determined by the
equation

Jn(VA) = 0.

3.4. Green’s functions

For the case of free space problems such as
—Au=f RY

we saw in Section 3.2 that the solution can be written as a convolution:

ula) = [0 (@) = [ oo = 1) f0) dy
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For a boundary value problems such as

{ —Au(z) = f(x), x € Q,

(3:31) u(z) =0, zel,

the corresponding result is that there exists a so called Green’s functions F = F(x,y) with the
property that the solution to (3.31) is given by

mmzémeﬂww

If we know the eigenfunctions of (3.31), we can actually write an explicit formula for F. To this
end, note that

(en, f)en(x)

y‘H

Kb Ppe
1
S5 (f[emswa) e

- (2}5 ))J@M%

SO

(3.32) Fz,y) =) % en(z) on(y)-
n=1""

Evaluating F' via the sum (3.32) is not easy computationally. However, for many simple geometries,
analytic expressions for F' are known, and the Green’s function can in these contexts be very useful.

There also exists Green’s function G = G(z,y) for the homogeneous problem
—Au(x) =0, x €,
u(z) = g(x), xel.

The function G constructs a solution to (3.33) via

/G:z:y

The solution to an equation with both a body load and boundary data
~Au(@) = f@),  we®,
u(z) = g(z), @€l

is of course directly obtained via superposition
(3.35) (@)= [ Plaw) 1) v+ [ Glav)ato) do

REMARK 3.15. While the concept of a fundamental solution is very restrictive (they exist only for
constant coefficient problems with no boundary data), the concept of a Green’s function is very
general. Solution formulas such as (3.35) exist even for many variable coefficient problems such
as

(3.33)

(3.34)

(3.36) { =V - (a(x)Vu(z)) + b(z) - Vu(z) + c(z)u(z) = f(z), e,

u(z) = g(x), zel
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where a, b, and ¢ are functions on Q. (The key condition is that the function a has to be a positive
definite matriz.) Of course, this is not much help computationally since determining G and H is
in general much harder than solving (3.34)! (However, there have been exciting developments in
this direction recently. .. )

3.5. Time-dependent problems

If you know the eigenfunctions of the Laplace operator, you can very easily solve time-dependent
equations such as the heat equation

ou
3.37 Ay = —
(3:37) T ot
and the wave equation

9%

To illustrate how this works, suppose that we know an orthonormal basis (¢5,)2; of eigenvectors
for the Laplace operator on some domain 2

—App = Ap @n, on £,
{ on =0 on I'.

The eigenvalues satisfy
Ap — 00, as n — oo.

The idea is now simply to look for a solution to the time-dependent problem of the form

(3.39) u(@,t) = an(t) pn(z).
n=1

3.5.1. The heat equation. Insert (3.39) into (3.37) to find that

Z —An o (t) pn(x) = Z a;l(t) on(z)
n=1 n=1

=Au —Ou
ot
We see that a,, must satisfy
— Ay oy = a;L

and so
an(t) = cp e Mt
The constants ¢, are determined via an initial condition given at time tg:

u(x,tg) = v(z).

We find that -
u(x,t) = Z by e M E10) o (),
n=1
where

@n:/ggon(az)v(x) dz.
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3.5.2. The wave equation. Plug (3.39) into (3.38) to find that

Z —An an(t) pn(z) = Z 0y (t) @n ()
n=1 n=1
:Xu 92u

We see that a,, must satisfy
—A\p 0y, = oz;;
and so
an(t) = an cos(wp t) + by, sin(wy, t),
where
Wn =\ An.
The constants a,, and b,, are again determined via an nitial conditions given at time tg:
u(z, ty) =v(x).
ug(x,to) =w(x).
We find that
oo .
ulz,t) =3 (@n cos(w, (¢ = to)) + = sin(ew (t - to))> (),

n=1 n

where

@n:/Qgpn(J:)v(a:) dz,  and ﬁ)n:/gcpn(:c)w(x) dz.

3.6. Some remarks on eigenfunctions and Fourier methods

Many of the techniques in this chapter are based on computing the eigenfunctions of a differential
operator such as the Laplace operator. This is conceptually a very gratifying approach, and is
a reasonably general technique in the sense that many problems of practical interest in principle
can be solved using eigen-expansions. However, it is in practice often very hard to compute these
functions. Say you need 1000 modes to approximate a solution to reasonable accuracy; then the
cost of computing the eigenfunctions is 1000 times as large as the cost of solving a single problem.
Moreover, the larger the eigenvalue, the harder the eigenvector is to compute accurately. (Note
that in all examples we have seen, the eigenvectors start to oscillate more and more rapidly as the
eigenvalue increases — this is true for almost all “Laplace-like” eigenvalue problems.)

For the basic task of solving a given boundary value problem, it is rare that computing the
eigenvectors is the best way to go about it. However, there are many situations in which computing
eigenvectors is actually the problem one wants to solve. Examples include:

Acoustics.

Design of optical devises such as fibre optic cables.
Quantum physics (each eigenvector is a “state”).
Mechanics (each eigenvector is a “buckling mode”).

32



Q

FIGURE 3.1. A general domain €2 is enclosed by a square Q. We solve the Poisson
equation with periodic boundary conditions on 2 using the FFT (very rapidly!).

While constructing eigenfunctions that satisfy boundary conditions on a “general” domain €2 is
quite hard, it is much easier to construct transforms that handle only the differential operator
while ignoring the boundary conditions. This is how Fourier methods are often used. To illustrate,
suppose we seek to solve the equation

—Au(x) = f(x), x €,
(340) { ugxi = g,( | mi T,

on some domain §2 with boundary I". We can then enclose 2 is a box Q, cf. Figure 3.1, and solve
the equation

(3.41) —Av(z) = g(x), x €,

where g is a function on Q such that f(z) = g(z) for 2 € Q. The equation (3.41) can then be
solved using the FFT to very rapidly construct the function v. The final step is then to construct
a “correction” w that satisfies

(3.42) { —Aw(x) =0, x €,

w(zx) = —v(x), zel,

whence
U=7v-+w.

This strategy is often used in practice. Note however that the construction of the extension g of
f is not trivial. You could of course just define

flx) xe€q,

g(r) = xa(r) = { 0 wéQ.

The drawback is that this function g is discontinuous even when f is smooth (unless of course f
is zero near I') which means that the Fourier series will converge slowly.

REMARK 3.16. Techniques for computing large collections of eigenvectors of a given differential
operator are presently in a rapid state of development. This is a very exciting and active are of
research.
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3.7. Variational formulations
3.8. Energy minimizing formulations
3.9. Conformal maps

3.10. Exercises

Question 3.1. Solve (analytically) the Laplace equation with Dirichlet boundary data on a domain
exterior to a unit disc. In other words, let €2 and I" be defined by

Q={zcR?: |z| > 1}
I ={zcR?: |z| =1},
and consider the boundary value problem
—Au(x) =0, x €,
{ u(x) = g(x), xel.

You may assume that g € L' N L?, that

2
/ g(cosf,sinf) =0,
0

and then require the solution u to decay at infinity.

Question 3.2. In this problem, we will numerically solve the equation

—U”(i‘) = f(x)a T e (Oaﬂ-))
(3.43) u(0) = 0,
u(m) = 0,
for a few different right hand sides. For each given f, compute the solution using either the basis
functions {4/2/m sin(nx)}%,, or the basis functions {/1/m e*"%}, o7 (with appropriate correc-
tions for the boundary conditions). Investigate how rapidly the partial Fourier sums converge.
Consider the following choices of f:

(a) f(x) = elina)®

(b) f(x)=eV=.

(¢) f(x) = cos(100x)

(d) f(x) = cos(100.1 )

(e) f(x) = |z —1]702.
0 0<x<1

() fz)=<¢ 1 l<z <2
2 l<z<m

Optional extra questions: Can you construct an analytic solution for any of the given functions?
Check how quickly the derivatives of the partial Fourier series converge. Can you think of some
other “interesting” choices of body loads?
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Question 3.3. Consider the Poisson equation

(3.44) —Au(z) = f(z), ASRY)
where 1 la?)
“1/(1—lz 1
f([l?) _ xr1e ) ’CC| < 3
0 lz| > 1,
and where
Q= (-n, )

(a) Use the FFT to construct computationally a function u that solves (3.44).
(b) Find (numerically) a solution to (3.44) that also satisfies homogeneous Dirichlet boundary
conditions.

Question 3.4. Consider the Poisson equation

(3.45) —Au(z) = f(z), r € R?
where )
f@) xy e VA=) lz] <1,
€Tr) =
0 |z] > 1.

As a boundary condition, require u to converge to zero at infinity (observe that [ f = 0).

(a) Switch to polar coordinates, and solve (numerically or otherwise) the equations you ob-
tain.

(b) Can you devise a solution strategy based on the FFT that works for any smooth compactly
supported body load?

Question 3.5. Pick a simple domain 2 in the plane (say either a square or a circle) and solve the
equation
—Au+cu=f Q,
u =0 .
where f is a “point source” placed at some interesting point in the domain. Solve the equation

using Fourier methods for different values of ¢ (positive or negative, large or small in magnitude).
Plot some representative solutions.

Optional extra question: How would you handle

—Au+b-Vu+cu=f Q,
u =0 I
Question 3.6. Construct a program that uses Fourier methods to solve the wave equation
dxuz %, xz € (0,m),t >0,
u(0,t) = 0, t>0
(3.46) u(m,t) = 0, t>0
u(z,0) = v,
ut(z,0) = w,

where v and w are given function (play with different choices). Use the Matlab movie function to
create an animation of the solution as t increases.

Harder version: Generalize to the wave equation on a square or a disc.
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CHAPTER 4

The Fast Multipole Method and other tree codes

4.1. Problem formulation

In this chapter, we describe fast methods for rapidly evaluating the sum
N

(41) ui:ZG(xi7 Xj)(]j, 1= 1, 2, ey N,
j=1

where {x;}}¥, is a given set of points in a square Q in the plane, where {g;}Y, is a given set of
real numbers which we call charges, and where {u;}Y; is a set of real numbers we seek to compute
(potentials). The kernel G is given by

1
—5-log |x —y| when x # y
= 27 ’
(4.2) Glx.y) { 0 when x =y.

Using straight-forward summation techniques, the evaluation of the sum (4.1) requires O(N?)
floating point operations.

We will describe two techniques for evaluating the sum (4.1) to within a given preset precision €.
The first is a simple technique which is a version of the so called Barnes-Hut method that evaluates
the sum in O(N log(N) log(1/e)) floating point operations, see Section 4.5. The second one is a
version of the Fast Multipole Method. This method is slightly more elaborate, but solves the task
in O(N log(1/¢)) floating point operations, see Section 4.7. Before we describe either method,
however, we describe in Section 4.3 an accelerated technique for solving a much simpler problem
in which the charges are contained in one set, and the potentials to be evaluated are in a different
one. The techniques used to solve this toy problem form a core part of the more sophisticated
summation techniques in Section 4.5 and 4.7.

[... discuss electric charges / gravity / Stokes / other potentials ...]

4.2. Multipole expansions

A multipole expansion is an efficient way of representing a harmonic potential. To be precise,
suppose that a box shaped domain €2 holds a set of N sources with charges {qj}j.vzl at locations

{y; j-vzl C Q. At a point x, the electric potential u(x) caused by these charges is given by

N
U(X) = Z G(X7 y]) q]7
j=1

where G is the kernel defined in (4.2). A very simple approximation to the potential u(x) is
obtained by evaluating the potential caused by a single charge at the center y. of the box,

(4.3) u(x) =~ go log |x — y.|.
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n (4.3), go is simply the net charge of the box,

N
(4.4) do=>_aj

j=1
The approximation error in (4.3) tends to zero as |x —y.| — oo, but can be quite large when x is
close to the box 2. The approximation can be improved by adding a dipole charge at y. so that

A X—Yc
(4.5) u(x) = 4o log|x —y,| —d- ——=5.
¢ |X - yc|2

The optimal dipole charge vector d is given by

N
d= qu (Yj - yc)-
=1

The approximations (4.3) and (4.5) form the first two terms in the so called multipole expansion
of the harmonic function u. The full expansion is conveniently expressed using polar coordinates

(4.6) X —Yy.=r7(cosf, sinb), y—y.=1"(cost, sind).
Then
N > R cos(pf . sin(p#f
(4.7) u(x) = go logr + 21 (Q2p—1 :p ) + Gap ip )> ;
p:

where o is defined by (4.4), and for p > 1

Gop—1=— qu el COSP9/)

Gop = — qu el 5 sin@é).

The sum in (4.7) converges exponentially fast whenever |x —y | > v/2a. Specifically,

P . P
(4.8) w(x) — do log r — Z <@2p—1 cos(pb) n (bpsm(p@)) N ( V2a >

2 z i x—y.)

This claim follows directly from the following lemma about the logarithmic kernel:

LEMMA 4.2.1. Let x, y, and y,. be vectors in R? such that |x—y.| > |y —y.|. Let forp=0,2,3, ...
the functions B, and C, be defined by

(4.9) Bo(x,y.) = logr,

(4.10) Bap 1(x,y.) = P cos(ph),
(4.11) Bay(x,ye) = r 7 sin(p6),
and

(4.12) Coly,ye) = 1,

(4.13) Cap-1(y,¥e) = —p" cos(p?') /p,
(4.14) Cop(¥,ye) = —p"sin(p?')/p,
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Y1 e¥3
Y
D)

.x4

FIGURE 4.1. Geometry of Section 4.2. Any point on or outside of the dashed square
is well-separated from 2. Consequently, the points xo, x3, and x4 are well-separated
from €2, but xy is not.

where polar coordinates (r,6) and (r',6") are defined by (4.6). Let P be a positive integer. Then

P\
S K <> )
T

2P

log [x —y| = Y Br(x,¥.) Cr(ye,y)
r=0

where K = ---.

A proof of Lemma 77 is given in Appendix ?.

In what follows, we will often replace the potential induced by a source collection by a truncated
multipole expansion of the form

a cos(p ) sin(p 6)
(4.15) u(x) ~ go logr + pgl (sz1 T Gop - ) .

To ensure that accuracy is maintained, we will use the approximation only for points x that are
adequately removed from €2, which we define as follows:

DEFINITION 4.1. Let © be a square with side length 2a. we say that a point x is well-separated
from 2 if it is outside of the (open) box of side-length 6 a concentric to €2, see Figure 4.1.

When y € © we have p < v/2a, and when x is well-separated from €2, we have r > 3a and p, so
Lemma 4.2.1 assures us that

P . P
(4.16) ) = o ogr = 3 (g1 0 4,00 ) < i (“j)

rp
p=1

Choosing
P ~ log(e)/log(v'2/3)

we see that the approximation error remains bounded by e. [Add details.]

We refer to the truncated vector q = [‘jj]?zo as the multipole expansion of the charge distribution.
It contains all the information required to evaluate the potential to within precision € at any point
that is well-separated from ().
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REMARK 4.1. The multipole expansion can also represent continuum charge distributions. Given
a charge distribution q(y) in Q, and a harmonic potential

u(x) = /Q log [x — y| a(y) dA(y),

we find that u satisfies (4.7) if we define the multipole coefficients §; via the formulas
i = [ aly) ().
Q
N 1
oyt = [ a(9) Copms (9.9 4AY) = = [ aly) ()3 cos(p0) dAy).

Q

op = /Q 4(y) Cop(y,y0) dA(y) = — / a(v) <r’>p; sin(p#') dA(y).

Q
4.3. Separation of variables and the Outgoing Expansion

The multipole expansion in Section 4.2 provides an approximation of the kernel G(x,y) of the form

N
(4.17) G(x,y) = > fo(%) gp(y)-
p=1

The sum in (4.17) is made up of a sum of products in which one factor depends only on x and one
depends only on y; we call such an approximation a separation of variables, or a tensor product
approximation of the kernel. For the specific case when G(x,y) = log |[x —y|, Lemma 4.2.1 provides
the form of the functions, but similar expansions can be constructed for a wide range of kernels.
Appendix 77 lists some known analytic expansions, and we describe in Chapter 7 techniques for
numerically constructing the functions.

We illustrate the value of a separation of variables such as (4.17) by a simple model problem.
Suppose that for some given kernel G admitting an approximation (4.17), we seek to evaluate the
sum

(4.18) wi=> G y;)g, i=1,2 ..., M,

where {g; }é\le is a given set of sources, and we week to evaluate the potentials {u;}},. We suppose
that the source locations {y; }jvzl are contained in a box 2, that is separate from a box ), that
holds the target locations {xi}f\il, see Figure 7. Using straight-forward summation, evaluating
(4.18) requires O(M N) operations. Now suppose that we replace the kernel in (4.18) with the
approximation (4.17) and seek to compute the numbers

N P
uPP = D Foxi) 9n(yy) | 4
j=1 \p=1

approxy M

We observe that by interchanging the summation order, we can evaluate the vector {u; i

in two steps: We first evaluate the numbers

N
(4.19) ip=> aoly), p=12..P
j=1
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at cost O(P N), and then evaluate
P
(420) u?pprm(:z(jpfp(x)v 1= ]-7 27 ey Ma
p=1

at cost O(P M). We see that the cost is now O(P (M+N)), instead of O(M N). If P is significantly
smaller than M and N, the savings can be substantial. The number of terms P controls the
accuracy: Higher P leads to a lower accuracy, but a higher cost.

The vector g = [dp]gzl is the outgoing expansion of the box 7. The potential generated by the
charges in 7 can (to a given precision) be constructed from the information contained in q. alone
at any point sufficiently far removed from the source box. In this book, the condition “sufficiently
far removed” will almost always mean that every point in the target box is well-separated from
the source box in the sense described in Definition 4.1.

REMARK 4.2. It will be convenient to express the various operations performed using matriz no-
tation. The sum (4.18) is simply a matriz-vector multiplication

Uy = AO’,T q-,
where Aq ;- is the M x N matrix whose ij entry is given by
AU,T<i7j> = G<Xi7 y])
Lemma 4.2.1 implies that A, admits a factorization

AO’,T ~ BCI',T cT?
M x N MxP PxN

where |~30’T is an M X P matriz whose ip entry is given by

BO’,T(i7p) = Bp(xiv yT)
Analogously, C. is an P x N matriz whose pj entry is given by

CT(pzj) = Cp(yT7yj)
The acceleration is now obtained by first evaluating

qr = CT qT
at a cost of N R operations, and then evaluating
uipprox = BU,T qra

at a cost of M R operations. Then clearly

u?rpprox = BO’,T q‘r = BO’,T C, qr ~ AU,T q, = Us.
4.4. A basic tree structure

The separation of variables in the kernel that was described in Section 4.3 is as we saw sufficient for
effectively evaluate a potential field whenever the set of target locations is well-separated from the
set of source locations. When the two sets are identical, we need to tessellate the box containing
them into smaller boxes, and use the expansion only for interactions between boxes that are. In
this section, we describe the simplest such tessellation.

Suppose that we are given a set of points {xi}fil in a box 2. Given an integer ng, we pick the
smallest integer L such that when the box € is split into 4" equisized smaller boxes, no box holds
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Level / =0

Box7=1
Level £ =2
T=11|r=13|r=19|r =21
T=10|r=12|7 =18 {7 =20
T=7|tr=9 |[t=15|T =17
T=6 |[7T=8 |[r=14|r =16

Level / =1

Box7=3| Box 7=5

Box 7 =2| Box 7 =4

Level ¢ =3

23

25

22

24

FIGURE 4.2. A binary tree with 4 levels of uniform refinement.

more than ny points. These 4° equisized small boxes form the leaves of the tree. We merge the
leaves by sets of four to form 4471 boxes of twice the side-length, and then continue merging by
pairs until we recover the original box €2, which we call the root.

The set consisting of all boxes of the same size forms what we call a level. We label the levels
using the integer £ =0, 1, 2, ..., L, with £ = 0 denoting the root, and ¢ = L denoting the leaves.

See Figure 4.2.

DEFINITION 4.2. Let 7 be a box in a hierarchical tree.

e The parent of 7 is the box on the next coarser level that contains 7.
e The ancestors of 7 is the set £2"° consisting of the parent of 7, the parent of the parent,

etc.

e The children of 7 is the set £ of boxes whose parent is 7.
e The neighbors of 7 is the set £2* of boxes that are on the same level as 7 and are directly

adjacent to it.

e The interaction list of 7 is the set £ of all boxes ¢ such that:

(1) o and 7 are on the same

(2) o and 7 are not directly adjacent.
(3) The parents of o and 7 are directly adjacent.

level.
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ExXAMPLE 4.1. For the tree shown in Figure 5.1, we have, e.g.,
e = {1, 4, 14},
L84 — (54,55, 56, 57},
el — 122, 24, 25, 26, 28},
el — 136, 37, 48, 58, 60, 61, 70, 72},
£t = {11,13,14: 21},
LI = {22: 29, 30: 33, 38: 41, 47, 49, 54: 57, 60, 61, 71, 72, 73}.

For the moment, we are assuming that the given point distribution is sufficiently uniform that all
the leaves hold roughly the same number of points. In this case, one easily sees that

L ~log E
no
For non-uniform distributions of points, a uniform subdivision of Q into 4% boxes of equal length
would be inefficient since many of the leaves would hold few or no points. In such cases, adaptive
subdivisions should be used, see Chapter 7. This chapter also contains a description of algorithms
for determining all lists.

4.5. The Barnes-Hut Method

In this section, we describe a relatively simple scheme for rapidly evaluating the sum (4.1). This is
a harder problem than the simple one considered in Section 4.3 since the sets of source points and
target points are not well-separated (in fact, they are identical). The scheme uses only the simple
multipole expansions described in Section 4.2 to reduce the asymptotic complexity of evaluating
(4.1) from O(N?) to O(Nlog N). The material in this section is included primarily for illustrative
purposes since it forms a slight deviation from the main narrative of the chapter; the algorithm
described is simple and somewhat useful in certain contexts, but is far less powerful than the full
FMM, which will be described in Sections 4.6 and 4.7. That presentation is largely independent
of the material in this section.

The first step of the Barnes-Hut algorithm is to organize the points into a hierarchical tree as
described in Section 4.4. Then the potentials u; are evaluated via three steps: (1) Compute the
outgoing expansion for every box. (2) Evaluate all interactions between well-separated boxes from
the outgoing expansions. (3) Evaluate the near-field interactions via direct computation.

We will describe the three steps in details, but first we introduce some notation. For each box T,
the index vector .J- marks all points contained in the box 7. In other words:

jeJ; & x; € €.

Next we split the potential into a far-field and a near-field part. To be precise, for a point x; in a
leaf box 7, we set
w; = u?ear + ugar,

near

where u;°*" is the potential caused by charges that are not well-separated from 7.
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Step 1 — compute the outgoing expansions: For each box 7 in the tree, we compute its outgoing
expansion q, € RF via the formula

(4.21) 6,(0)=>_ Cply,x)q, p=1,2 ..., P
jeds
(We recall that the information in q, is sufficient to evaluate the potential induced by the charges

in 7 at all points that are well-separated from 7.) The calculation (4.21) can be expressed using
matrix notation as

(422) q'r = C’T' q(JT>7
where C; is the matrix with entries C-(p,j) = Cp(y, X;).

Step 2 — evaluate long range interactions: Fix a leaf node 7, fix a point x; € ), and let 77, 71,1,

.., T9 be an enumeration of the ancestors of 7 so that 77, = 7, and 7,_7 is the parent of 7,. Now
observe that every charge x; that is well-separated from 7 is contained in the interaction list of
precisely one of the ancestors of 7. Consequently,

L
(4.23) uf =Y ) Y Gxixg) g5

(=2 0€Lr, jEJs

In (4.23), all kernel evaluations are performed for points in boxes that are well-separated. Conse-
quently, we can to within precision ¢ replace them with multipole expansions,

L P
ulfar — Z Z Z Zép(xi,yg) Cp(xj>90') a;

=2 O’EETE j€Jy p=1

L P
(424) :Z Z Zép(xivya) QU(p)
(=2

o€Ly, p=1
The expression (4.24) can be written compactly as
L
B2y Y Boa,
(=2 el

where B, is the matrix with entries B, , (i, p) = By(xi, Y, )-

Step 8 — evaluate short range interactions: Fix a leaf node 7, and a point x; € €2,. The near field
u** has contributions from charges both in 7 itself, and in its direct neighbors. Consequently,

(4.25) ul =" Glxix) g+ Y D> Glxi,xg) g
jEJT JELEeiJEJa
Using matrix notation, we express (4.25) compactly as

u = AT, J)a(T) + Y AT o) a(s).

geLnel

In a final (fourth?) step, we simply loop over all leaf nodes 7, and combine the far field and the
near field,
u(J;) = ufTar + ulen
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Compute the outgoing expansions on all boxes:

loop over all boxes 7

qf =C; q(JT)
end loop

Evaluate the far field potentials. Each box T broadcasts its outgoing representation to all boxes in
its interaction list:
u=20
loop over all boxes 7
loop over all 0 € L
U<JJ) = U(JU) + BO’,T fIT
end loop
end loop

FEvaluate the near field interactions:

loop over all leaf boxes 7
u(J:) =u(J;)+A(J-, J-)q(J:) + Zaez¢ei A(J-, Jy)a(Jy)
end

Ficure 4.3. The Barnes-Hut algorithm.

The Barnes-Hut algorithm is summarized as Algorithm 4.3. For simplicity, the steps have been
slightly rearranged from the presentation above, but it is easily seen that the output is exactly the
same.

It only remains to estimate the cost of the Barnes-Hut algorithm. We let T} denote the cost of
Step 5. Then
Ty ~NLP,

since in Step 1 each of the IV particles broadcasts P pieces of information to L boxes. In Step 2,
we need to evaluate the sum (4.24) for each of the N particles. There are at most 27 boxes in each
list £.,, so

To ~2TNLP.
Finally, Step 3 involves the evaluation of the sum (4.25) for each of the N particles. Since each
box 7 has at most 8 neighbors, and since each box contains at most ng particles, we find that

T3 N9N7”L0

Recalling that L ~ log(N/ng), and that ng is a small fixed number (say ng = 100), we find that
the total cost Tiota = 11 + 15 + T3 satisfies

T ~ N log(N) log(1/¢).

as N — oo and € — 0.

4.6. Incoming Expansions and Translation Operators

A reason for the O(N log(N)) asymptotic cost of the Barnes-Hut algorithm is that every one of
the N charges directly communicates its contribution to all of the O(log(N)) boxes that contain it.
We can eliminate the log(N) factor in the cost of computing the outgoing expansions by computing
them recursively, as follows:
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On level L:: Compute the outgoing expansions directly using (4.21).

Onlevel /=L —1,L—2,...,2:: Compute the outgoing expansion for each box 7 on level
£ by aggregating the outgoing expansions of the four children of 7 on level £ 4+ 1 using a
so called outgoing-to-outgoing translation operator.

The potentials will be calculated via an analogous process in which incoming expansions (to be
defined shortly) are aggregated in a dual sweep from coarser to finer levels. In this section, we
introduce the incoming expansion, and describe a number of operators for shifting expansions from
one box to another.

To introduce the concepts of an incoming expansion and a translation operator, let us return to
the model problem described in Section 4.3 in which we were given two well-separated boxes €2,
and €., a set of source points {yj}j»v: , with associated charges {qj}é-v: . in ©; and a set of target
points {x;}}£, in Q,. Our task is to rapidly evaluate the map

(4.26) u, =A,-q,,
where the M x N matrix A, ; has entries

A07T(i>j) = G(X2>y]>
The purpose of Section 4.3 was to demonstrate that the map (4.26) could be evaluated rapidly via
the approximate factorization

AO',T ~ BO',’T CT’

where the M x P matrix Ba,r and the P x N matrix C, are defined in Remark 4.2. The process
is illustrated by the following diagram:

AO',T

q, —— U,

cTi /
Bo’,T

a,

We first evaluate the outgoing expansion q via application of the map C; at a cost of N P op-
erations. Then the potential on o is evaluated via application of the map B, . at a cost of M P
operations. In this section, we will add one more leg to the diagram:

Aa,‘r
(4.27) q, ——> U,

S

q, —— U,
o, T

The vector 4, is the incoming expansion on ¢. In our model problem it will be a vector of P
numbers {ﬂg(p)}zl;l such that

P/2
u; = 0,(0) + Z Uy (2p — 1) (r")P cos(p @) + u,(2p) (r')? sin(pb).
r=1

In other words, the numbers u,(p) are the coefficients in a harmonic expansion of u, and we see
that the M x P matrix B, has coefficients
Bg(i7 p) = ...

We can now state our goals for this section:
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(1) Demonstrate that there exists a matrix Z, called the “outgoing-to-incoming translation
operator” such that A ~ BZC.

(2) Demonstrate that if all the source points in 7 are contained in a box v that is contained
in 7, and if the outgoing expansion ¢, for v is known, then there is a linear map F such
that ¢, ~ F §,. We call the map F the “outgoing-to-outgoing translation operator”.

(3) Demonstrate that if all target points in o are contained in a box v that is fully contained
in o, and if the incoming expansion for o is known, then there is a linear map E such that
U, ~ El,. We call the map E the “incoming-to-incoming translation operator”.

We start with a theorem asserting the existence of the outgoing-to-incoming translation operator.

LEMMA 4.6.1. Let Q, and Q; be two well-separated intervals on the line with centers x, and y,,
respectively. Let {y; jvzl be a set of source points in -, and let {xi}i]\il be a set of target points
i Qy. Let A be the M x N matriz with entries

A= Ix; —y; 7"
Then A admits the approzimate factorization A ~ B Z C where

Bis = (Xi - XU)Silv

+s5s—2 1
z, = (-1 ("
or = (1) (r—l >xa—yf|<xo—y7>r+s—2’
r—1

C'rj = (yj - yT)
Specifically, for any 1,7,
A — [BZCly| < ---(1/3)%.

Proor. It is sufficient to demonstrate that for any « € €2, and for any y € (-, we have
IR

<...[2) .

- 3

L 1 1 1
x—yl lx=y)=(y—y)l [x—y, ll_gf

T

R

R
1 . .
|x—y\ _Z(X—XU) ! ZZST(y_yT) !
r=1

s=1

To this end, note that

Since [y —y.| < [x —y,|, and

o0
1-t)t= Ztsfl, whenever |t| < 1,
s=1
we find that
1 1 [e e} (y —y >Tl
4.28 = =
42 " oy ey,

-y ! (v -y,

r=1 ‘X - yr‘(x - y'r)r_l
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Set k = Sign(x, —y,). Then

|X - y7.|(X1— yT)Til - (X B yT)_T =k ((XO' - y‘r) - (XO' - fE))_T

Next we note that |x, — x| < |x, — y,| and that

o0
-2
(1—-t)" = E <T+ s ) ) 51 whenever [¢| < 1.
r—

s=1

It follows that

(4.29) ! =K (Xg — )_ri P2 (X o)
Xyt Y r—1 ) \x —y,

s=1

o0

L (g

-~

=Z,,

Combining (4.28) and (4.29), and noting that since the sums are absolutely convergent, we can
interchange the order of summation, we find that

ey = %) T Yz ly v

s=1 r=1

It remains to bound the errors introduced by truncation.
FILL IN DETAILS... g

Next we prove the existence of the “outgoing-to-outgoing translation operator”:

LEMMA 4.6.2. Lety” andy, denote two points on the line. Let {yj}é-\[:1 denote a number of source
locations with associated charges {qj}é-vzl. Define forr =1, 2, ..., R the “outgoing expansions”

N N
=Y a0 -y)"  and @ =) g0y -y)
j=1 J=1

Let F denote the R X R lower triangular matriz defined by

F.. = (Zj) (Y, —y.)"7%, when s < r,
" 0 when s > r.

Then

(4.30) §" =Fg".



PrOOF. The equation (4.30) follows directly from the binomial identity:

N

N
= gy, —y) ' = Z g [ —v.) + (v, —y)]
j=1

ﬁ: z:: (Z ~ D -y (v, —y,)

The construction of the incoming-to-incoming operator is almost entirely analogous:

LEMMA 4.6.3. Let x, and x,, denote two points on the real line. Suppose that {02 }E_| is a given
vector of coefficients in a polynomial expansion around X,. Define the R X R upper triangular

matriz E via )
Esr = { (521 (w —=%0)"™%,  whenr > s,
0, when r < s,

and define the vector 4¥ via

u’ = Eu°
Then for any x,
R R
S a7 (x—x) " = 3 (x—x,) !
r=1 s=1

REMARK 4.3. The manipulation of the kernel at the beginning of this subsection constitutes an
analytic proof that the matriz A has approximate rank R. It also provides explicit formulas for
the factors B and C. As an alternative approach, one can construct the matriz A first, and then
numerically derive factors B and C such that ||A — BC|| < e. This approach has the advantage
that detailed information about the kernel is not required a priori, and moreover, that the rank R
used is optimal. (The analytic derivation above gives only an upper bound for the rank R — it
does not say that other factorizations cannot do better.) Against these advantages stands the cost
of first constructing the full matrix A at a cost of M N kernel evaluations, and then decomposing
it at a cost of O(M N R) floating point operations. This amount of work can be justified if the
evaluation problem (4.18) is to be evaluated for many charge distributions {qj}j-vzl for a given set
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of source and target locations. In practice, hybrid methods that exploit both analytic knowledge and
numerical compression are frequently the method of choice.

4.7. The Classical FMM in Two Dimensions

In this section, we will describe modifications to the Barnes-Hut method described in Section 4.5
that improve the asymptotic CPU time requirement from O(N log(N)) to O(N). The problem
considered is the same (fast evaluation of the sum (4.1)), and the basic methodology is very similar:
we start with organizing the points in a tree structure, we construct outgoing expansions for all
boxes, and evaluate all long-range interactions via these expansions. A key difference is how the
outgoing expansions are computed. In the Barnes-Hut method, every point directly broadcasts
its contribution to the O(log(/N)) boxes that contain it. In contrast, in the FMM, each point
contributes directly only to the outgoing expansions on the leaves. The outgoing expansions on
the next coarser level are constructed from the outgoing expansions on the leaves. The process
then continues upwards through the tree with the outgoing expansion for any box being computed
from the outgoing expansions of its two children. This process reduces the cost of computing the
outgoing expansions from O(N log(N)) to O(NN). The analogous reduction in cost in computing
the potentials is obtained by similarly aggregating “incoming expansions” for each box 7.

We start the detailed description of the method by describing the process by which the outgoing
expansions are computed hierarchically. Using the “outgoing-to-outgoing translation operators”
introduced in Section 4.6, this is straightforward. Let 7 denote a non-leaf node whose children are
listed in Eﬁhﬂd. Then Lemma 5.4.3 demonstrates that there exists matrices F;, such that

(4.31) qQ, = Z FroQo.
oeLehild

In order to derive the corresponding formula for hierarchically computing the incoming expansions,
we first define for each box 7 its far-field potential uf®™ as the part of the potential caused by all
sources that are well-separated from 7:

uiar(x) = Z G(x, %) q;, x €,
jle_ar
where J®' is an index vector marking the source points that are well-separated from 7:
je g & x; is well-separated from 7.

The incoming ezpansion for T is then a vector 4™ = [a7]F ;| such that

far

uf (x) ~ r-1,

U (X — Xr)

M=

r=1
Now observe that if v is the parent of 7, then the far-field potential for 7 has two terms:
(4.32) uf(x) = uf (%) + > Y G(x,x;) g5
O'GLT jEJa

The first term in (4.32) represents the contributions to the potential from all charges that are
well-separated from both 7 and its parent v. The second term in (4.32) represents contributions
from points that are well-separated from 7, but not from v. According to Lemma 5.4.2, these
contributions can all be evaluated from the outgoing expansions on the boxes in L,

ZZGxx]q] ZB Z -q,.

€L, jEIs og€L,
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Letting E;, denote the incoming-to-incoming translation operator defined by Lemma 5.4.4, we
find that equation (4.32) can be expressed

l-Al'r = ETJ/ I:'1/ + Z ZT,U qo"
G’GLT

The Fast Multipole Method is now obtained by modifying the Barnes-Hut method to use equations
(4.31) and (4.7) to hierarchically compute all incoming and outgoing expansions. The full algorithm
is given in Figure 4.4.

4.8. The General Structure of an FMM
4.9. The Classical FMM in Three Dimensions
4.9.1. Problem formulation.
4.9.2. Translation operators.
4.9.3. Tree structure.

4.9.4. The Algorithm.

4.10. FMMs for other Kernel Functions
4.10.1. Stokes Equation.
4.10.2. The equations of linear elasticity.

4.10.3. Helmholtz equation.

4.11. Bibliographical notes
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Compute the outgoing expansion on each leaf:

loop over all leaf nodes 7

qf =C; q(JT)
end loop

Computing the outgoing expansions on all parents by merging the outgoing expansions of their
children by applying the “outgoing-to-outgoing translation operators”:
loop over levels ¢, finer to coarser, | = L : (—1) : 2
loop over all nodes 7 on level ¢
q‘r = Zggﬁ_crhild FT,O’ qo-
end loop
end loop

For every box T, collect the contribution to its incoming potential that is due to boxes on the same
level as itself (that is, all boxzes that are well-separated from it, but are not well-separated from its
parent). This is done by applying the “outgoing-to-incoming translation operators” to the outgoing
expansions for all boxes o in the “interaction list” of box T:

loop over all boxes T

ﬁ'r - Zggg,r ZT,U flg
end loop

Complete the computation of the incoming expansions for every box by adding to the contribution
from bozes in its interaction list (computed in the previous step) the contribution from its parent.
Practically, we loop over all parent boxes T, and broadcast the incoming expansion of T to its
children o1 and oo via the application of “incoming-to-incoming translation operators”:

loop over levels ¢, coarser to finer, [ =2: L
loop over all nodes 7 on level ¢
loop over all children o of 7
U, =0, + E; G5
end loop
end loop
end loop

Compute the potential on every leaf T by expanding its incoming potential and then adding the
contributions from charges in T itself and its adjacent neighbors via direct evaluation:

loop over all leaf nodes 7
U(JT) = BT lAJ"r + A(J7'7 JT) q(JT) + Zaeﬁgei A(JT7 Ja) q(Ja)
end loop

Fi1GURE 4.4. The Classical Fast Multipole Method in 2D.
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Compute the outgoing expansion on each leaf via application of the particle-to-outgoing operator:

loop over all leaf nodes 7

qf =C; q(JT)
end loop

Compute the outgoing expansion of each parent by merging the expansions of its children via application
of the outgoing-to-outgoing operators:

loop over levels £, from the finest to the coarsest
loop over all nodes 7 on level ¢
f],,_ = Zggﬁ_crhild FT,O’ qo-
end loop
end loop

Compute the incoming expansion for every box by combining the incoming expansion of its parent
(mapped via the incoming-to-incoming operator) with the contributions from the outgoing expansions
of all boxes in its interaction list (transferred via the outgoing-to-incoming operator):
u =0
loop over levels /4, from level £ = 1 to the finest
loop over all nodes 7 on level /¢
Let v denote the parent of 7.
lflfr = ET,V ﬂl/ + ZO‘E[:T ZT,cr ﬁa-
end loop
end loop

Compute the potential on every leaf by expanding its incoming potential (via the incoming-to-particle
operator) and then adding the contributions from its near field via direct evaluation:

loop over all leaf nodes 7
u(J:)=B,u, +A(J;, J)aq(J;) + 2065291 A(J:, J;)a(Jy)
end loop

FI1GURE 4.5. The Classical Fast Multipole Method.

AAA
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CHAPTER 5

A Linear Algebraic Interpretation of the FMM

5.1. Introduction

This chapter provides an alternative derivation of both the Barnes-Hut and the Fast Multipole
Methods. These derivations are focused on expressing the algorithms as matrix factorizations.
The chapter is self-contained, and overlaps the presentation in Chapter 4. [Ezcessively so at the
moment, this will be fized later.] However, our treatment in this chapter is quite terse. A reader
unfamiliar with FMMs is encouraged to read Chapter 4 first.

To enable us to explicitly show the structure of certain blocks matrices, we consider a problem in
one dimension in this chapter. However, the presentation directly generalizes to higher dimensions.

5.2. Problem formulation

In this section, we describe fast methods for rapidly evaluating the sum
N

(51) ui:ZG(xi7 Xj)(]j, 1= 1, 2, AP N,
j=1

where {x;}, is a given set of real numbers, {g;}}¥, is a given set of real numbers which we call
charges, {uz}f\; 1 is a set of real numbers we seek to compute called potentials, and the kernel G is
given by

1

— hen x # y
2 = b v
(52) Gxy) { 0 when x = y.

Using straight-forward summation techniques, the evaluation of the sum (4.1) requires O(N?)
floating point operations.

It is convenient to express the summation operation in (5.1) as a matrix-vector multiplication. To
this end, we define A as the M x N matrix with ¢j entry

a;j = G(x;,Xj).
Setting q = [qj]é\f:l and u = [u;],, formula (5.1) can be expressed
u=Agq.
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F1cURE 5.1. A binary tree with 4 levels of uniform refinement.

5.3. Hierarchical subdivisions of the line

Suppose that we are given a set of points {xi}fvzl in an interval, or bozx, {2 on the line. In this
section, we describe the most basic way of organizing these points into a hierarchical structure
of subintervals: Given an integer ng, we pick the smallest integer L such that when the given
interval is subdivided into 2% subintervals of equal length, no subinterval holds more than ng
points. These 20 subintervals form the leaves of the tree. We next merge the leaves by pairs to
form 271 intervals of twice the size, and then continue merging by pairs until we recover the full
interval, which we call the root.

A set consisting of all boxes of the same size forms what we call a level. We use the index ¢ to
number the levels so that level £ = L consists of all the leaves, and level ¢ = 0 is the root box. See
Figure 5.1.

The terms parent, child, neighbor, etc are defined as in Definition 4.2.
ExXAMPLE 5.1. For the tree shown in Figure 5.1, we have, e.g.,
£shid = f4 5y £shild — £98 291
0 =11, 2, 5}, 59° =41, 3,7, 14}.
L3 =3}, Lif ={9, 11}, £37 = {16, 18}.
£t =4{6,7}, L& =/{10,11,15}, L% ={19},

Algorithms for constructing the various lists are given in Chapter 77. This chapter also describes
techniques for handling non-uniform point distributions.
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5.4. Translation operators

5.4.1. Problem formulation. Let us consider a simplified model problem in which we are
given two separated sets, one containing charges, and one containing target points, and we seek to
evaluate the potential caused by the charges at all the target points. Specifically, suppose that we
are given a set of charge locations {y; }évzl in an interval Q, and a set of target locations {x;}},

in a set Q,. Given a set of charges {g; };VZI we now seek to evaluate the sum

N
(53) U; = ZG(Xi,yj)qJ'.
J=1

In matrix notation, we set q = [qj]j-vzl, u = [u;],, whence the sum (5.3) takes the form
(5.4) u=Anq,
where the M x N matrix A has entries

Qij = G(Xz‘,y]')-

5.4.2. Outgoing expansion. We will first demonstrate that the matrix A admits an approx-
imate factorization

(5.5) A~BC,

where the product on the right hand side has rank R. The factorization (5.5) allows us to rapidly
evaluate (5.4) via the diagram

qg——=u

LEMMA 5.4.1. Let 2, and 2, be two separated intervals on the line with centers X, andy.. Suppose
that x € Q, and'y € Q., and that the kernel G is defined by (5.2). Let R be a positive integer. Set

- 1 _
By = oy o Crlyry) = (y; —y.)" 1
Then
R
G(X,y) ZBT(x7yT) CT(YT7y) < CaRv
r=1
were C'=--- and
X = xr|
Now just set
- 1 3
B; = and Cj= (Yj —y,)" Y

’xi - YT’ (Xi - y'r)r_l,
and observe that if Q, and €2, are well-separated, then o < 1/3.
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5.4.3. The incoming expansion. We next add one more leg to the diagram:

A
_—

(5.6)

(@]
ODH<=— 0
c——a

(o]

_—
z

The vector a is the incoming exrpansion on o. In our model problem it will be a vector of R
numbers {4, }2 ; such that

R
u; A Z Gy (% — %x0)" L
r=1
In other words, the numbers @, are the coeflficients in a polynomial expansion of u, and we see
that the M x R matrix B has coefficients

Bir = (Xi — XJ)Til.

We can now state our goals for this section:

We can alternatively formulat (5.6) as a matrix approximation as
Ax~BZC.

The existence of such a factorization is assured by the following result:

LEMMA 5.4.2. Let Q, and Q2 be two well-separated intervals on the line with centers x, and y._,
respectively. Let {yj}j»v:l be a set of source points in Qr, and let {x;}M, be a set of target points
i Qy. Let A be the M x N matriz with entries

A= Ixi —y; 7"
Then A admits the approzimate factorization A ~ B Z C where
Bis = (Xi - XU)8717

+s5s—2 1
zr:—lsl(r ) ,
=D 21 ) e oyl ey

Crj=(y;—y,) "
Specifically, for any i, j,

Aj; —[BZCly| < - (1/3)F.
PRrROOF. It is sufficient to demonstrate that for any x € €, and for any y € €., we have
G)
<...[Z) .
- 3

L 1 1 1
x—yl  lx=y;)=(y—y)l [x—y, ll_gf

T

R

1 R
Z(X - Xa)s_l Z Z, (y-— yT)T_l

‘X o y‘ s=1 r=1

To this end, note that

Since |y - yT| < |X - y7'|a and
[e.e]
(1—t)t= Zts_l, whenever |t| < 1,
s=1
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we find that

1 1 2 (y—y. \"!
(5.7) _ ( )
x—yl  [x—y,| ;

T—Yr

Set k = Sign(x, —y,). Then

1
X =y | (x

Next we note that |x, — x| < |x, —y,| and that

o0
-2
1—-t) "= Z <T +s ) 5t whenever [¢| < 1.

r—1
s=1

It follows that

59 oy =y S () ()

—1 Yr
oo
B 1{r+s—2 K 1
o Z( 1)8 < r—1 > (XO' —y )r+871 (X XU)T
s=1
:Zs'r

Combining (4.28) and (4.29), and noting that since the sums are absolutely convergent, we can
interchange the order of summation, we find that
o0

L = Z(X—XJ)S_IZZW (y_yT)T_l'

|X o y| s=1 r=1

It remains to bound the errors introduced by truncation.

FILL IN DETAILS... U

Next we prove the existence of the “outgoing-to-outgoing translation operator”:

LEMMA 5.4.3. Lety, andy, denote two points on the line. Let {y] ", denote a number of source
locations with associated charges {q; }]: Define forr =1, 2, R the “outgoing expansions”

N
=> g (y;—y)""  and Z g (y;—y,) "
J=1

Let F denote the R X R lower triangular matriz defined by

F..— (Zj) (Y, —y-)"% when s < r,
" 0 when s > r.

Then
(5.9) q =Fqg".



PrOOF. The equation (5.9) follows directly from the binomial identity:

N N
5 - -1
ar= a =y =D a4 [y - v) + -y
Jj=1 Jj=1
N r

r—1 s— r—s
> a0 m-w oy
=1 s=1

J

The construction of the incoming-to-incoming operator is almost entirely analogous:

LEMMA 5.4.4. Let x, and x,, denote two points on the real line. Suppose that {u}E_| is a given

vector of coefficients in a polynomial expansion around X,. Define the R X R upper triangular
matriz E via
E. — { (Zj) (Xy — Xo)" %, when r > s,
0, when r < s,
and define the vector 4¥ via

Then for any x,

5.5. Barnes-Hut

In this section, we derive the Barnes-Hut algorithm as a multi-level matrix factorization.

Fix a level £ in the hierarchical tree. The index sets J. on level £ form a disjoint partitioning of
the full index set [1, 2, ..., N]. We let D denote a block tri-diagonal matrix corresponding to
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this partitioning. The non-zero blocks of D are identical to the corresponding blocks of A.. To
be precise, D is an N x N matrix whose entries are all zeros, except that for any 7 on level ¢,

D (Jr, Jr) = A(Jr, Jy),
and for every o € L2 (that is, for every neighbor o of 7):
DO (Jy, J7) = A(Js, J7).
Using the short-hand
Acr =A(Js, J7),

we have, for instance,

D _ | Aca Acs Aee 0
- Az Awe Aw)
0 0 A(7,6) A777)
and
[ Ass) A 0 0 0 0 0 0
Aos) Ags Agwy 0 0 0 0 0
0 Apg Awgo) Aqorn 0 0 0 0
DG — 0 0 A0 Aarin Aarie) 0 0 0
o 0 0 0 Aaz11) Apziz) Apzis) 0 0
0 0 0 Aazi2) Apsis) Aasig 0
0 0 0 0 0 Az Apsisy Agas)
. O 0 0 0 0 0 Aisia) Agpsis)
It follows that
0 0 Agiw) Agiy 0 0 0 0 ]
0 0 0 A1) 0 0 0 0
A1og) 0 0 0 A0,12) Aq10,13) 0 0
D® _p® _ | Aars) Aary) 0 0 0 Ai1,13) 0 0
D Qv 0 0 A12,10) 0 0 0 Anz11) Api21s)
0 0 Auszi) Apsiy 0 0 0 A (13,15
0 0 0 0 Agi O 0 0
. 0 0 0 0 As12) Agis13) 0 0 |

The blocks in the formula above are precisely the blocks whose interactions are dealt with at level
¢. The non-zero blocks of column 7 are precisely the blocks in the interaction list of 7. (For
instance, LY = {8, 12, 13}.) Recalling that if o is in the interaction list of block 7, then

A, ~B,.C;,
we find that
(5.10) D¢~V _p®~ B¢,

provided that we define C¥) as the block diagonal matrix obtained by placing the 2¢ matrices C”
corresponding to boxes 7 on level £ on the diagonal. For instance,

cd o --. 0

9 )
co-|? € "
0 0o ... Ci5
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~ (¢
Moreover we define E( ) as a matrix with 2¢ x 2¢ blocks. Each column corresponds to a given box
7 on level £. The non-zero blocks on this level are filled with the matrices B, » for boxes o that
are in the interaction list of 7. For instance,

0 0 ég}lo BS,ll 0 0 0 0

0 0 0 By 0 0 0 0

Biog 0 0 0 Bio,i2 Bio,3 0 0

B® _ Biig Buy 0 0 0 Biiiz 0 0
- 0 0 Biw 0 0 0 Bi21s Bizis
0 0  Bizio Bizun 0 0 0 Bi3,15

0 0 0 0 Bi412 0 0 0

0 0 0 0 Bui2 Bz 0 0 |

Since A = DWW, the Barnes-Hut method now follows from the identity
DM — (Q(l) — Q(2)) + (9(2) fQ(3)) NI (Q(L—l) fQ(L)) +DW,
In view of (5.10) we get

The matrices Q(ﬁ) are of size 2! R x N and have at most R non-zero elements in each column.

Applying C® to a vector therefore requires R N operations. Similarly, applying B(Z) to a vector
requires at most 3 R N operations. Since there are L ~ log(N) terms in (5.11) that relate to
far-field interactions, the cost of evaluating the far-field via formula (5.11) is O(R N log(N)).

5.6. The Fast Multipole Method

Before we proceed to describe the Fast Multipole Method, we note that the formula (5.11) can
be symmetrized by expressing it in terms of both outgoing and incoming expansions, via the
factorization provided by Lemma 5.4.2. Then

(5.12) A~B®z@c® BB zBG cB L gWz®c® L p¥,

The matrices B are block-diagonal matrices whose diagonal blocks are formed by all matrices
B for all boxes 7 on level £. For instance,

Bs 0 --- 0
go—| 0 P )
0 O Bis

. ~ (¢ . . .
The matrices Z(Z) are analogous to E( ) but are formed by the matrices Z; , instead of the matrices
B .. For instance,

0 0 ZS,lO 28,11 0 0 0 0

0 0 0 Zy 11 0 0 0 0

Zijps O 0 0 Zip12 Z10,13 0 0

7(3) _ Zi1s Ziiy 0 0 0 Zi1,13 0 0
= 0 0  Zi210 0 0 0 Zio14 L1215
0 0  Zi310 Zizn1 0 0 0 Zi315

0 0 0 0 VAVRD: 0 0 0

0 0 0 0 Ziy12 Zisa3 0 0
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The Fast Multipole Method can be said to achieve its acceleration over the Barnes-Hut method
by expressing the matrices B® and €® in telescoping factorizations. To obtain the factorization
for the operators C¥) we start by considering two ways of constructing the outgoing expansion q,
for a non-leaf node 7. First we do it directly from the vector ¢ via the formula

(5'13) qT =C; q(JT)'

Next we note that (??) provides a way of computing q, from the outgoing expansions of the
children o1 and o9 of 7,

(5'14) f],r = F7701q01 + FT702q02 = FT,0’1C01 q<J0’1) + FT,02C02 q(JU2)

= [FT7O'1 FT70'2] |: 0 C0—2 :| q(JT)
Since (5.13) and (5.14) must hold for any vector q, it follows that

C., 0
CT = [FT,U'l FT,UQ] |: 01 Co-2 :| .

Letting F®) denote the block diagonal matrix whose diagonal is formed by the blocks F, for all
7’s on level £, we find that

(5.15) ClD) -, D L pE-D RN el g

To obtain the analogous expressions for the matrices B(e), let 7 be a box with children o; and
o2. Let u denote a potential caused by charges that are all well-separated from 7. (This last
assumption is made so that we do not have to worry about contributions from the second term in
(4.32).) We then find that

u(J;) =B,u,,
and that

BUl 0 E, 1,T 0
0 BU2 EUz,T T
It follows that
B _ B,, O Eo -
T 0 B, Eo,r |’
and defining E® as the block diagonal matrix whose diagonal blocks are the matrices E, for all
7’s on level £, we find that

(5.16) BL-D = W) -1, B2 = g gL-1) g(£-2) ete.

Inserting (5.15) and (5.16) into the terms arising in (5.12), we find that
5(3) Z(3) g(3) _ 5(4) E(3) Z(S) E(3) E(4)7
B@z@c® —WEG® ER z? @ EG) c®),
This implies that (5.12) can be expressed in telescoping form as
(5.17) A~B®W (5(3) (5(2) Z@ F® +Z(3))E(3) +;(4)) c® 4 pW.

The advantage of the expression (5.17) over (5.12) is that the factors get exponentially smaller as
we proceed towards coarser levels. This means that the cost of processing level ¢ is now O(2¢ R?),
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which should be compared to the constant O(2% R?) cost of processing level £ in the Barnes-Hut
method.
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CHAPTER 6

Boundary Integral Equation methods: How to very rapidly solve
Laplace’s equation on a general domain

Summary: We describe a set of methods for computing approximate solutions to linear boundary value
problems. The foundation of these methods is a reformulation of the partial differential equation as an
integral equation. In many cases, the resulting integral equation can rapidly be solved to very high accuracy,
and in an entirely stable manner. The computational speed of these methods compares favorably with other
numerical techniques for partial differential equations. The most dramatic speed-up occurs for problems that
can be reformulated as integral equations defined on the boundary alone.

6.1. Introduction

6.1.1. The basic idea. The set of methods described in this note are applicable to a wide
range of linear boundary value problems. For simplicity, we suppose that the BVP we are interested
in solving takes the form

(6.1) Au=10 on €2,
(6.2) u=f onT,

where A is a linear elliptic partial differential operator with constant coefficients, where Q is a
domain in R? with boundary I', and where f is a pre-scribed function on I'.! It is in many cases
possible to reformulate a BVP such as (6.1), (6.2) as a boundary integral equation of the form

(6.3) o(z) + /F k() o(y) di(y) = g(x),

where k is a kernel function derived from the fundamental solution associated with the operator A,
and g is a data function derived from the boundary data f (a specific example is given in Section
6.3.1). There typically exist several different BIE formulations of the same BVP; choosing the
“right” one is important, ¢f. Remark 6.1.

Upon discretization, the BIE (6.3) turns into a system of N linear algebraic equations that we
write

(6.4) v+Av=g,

where A is a matrix approximating the integral operator in (6.3). An apparent obstacle to solving
(6.4) rapidly is that the matrix A is almost always dense. However, this matrix typically has
properties that allow the computation of products w — Aw cheaply. For instance, there exist
Fast Multipole Methods (FMMs) for a wide variety of kernels that perform such matrix-vector
multiplications in O(N) arithmetic operations, with a small constant. Then iterative solvers (such
as GMRES) can be used to determine an approximate solution of (6.4) very rapidly.

lFor BVP such as (6.1), (6.2), the equivalent integral equations are defined on the boundary alone. This is the
environment in which FIEM has the strongest competitive advantage. However, it can profitably be applied to a
wide range of other problems as well, including problems with a body load, see Section 6.1.3.
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REMARK 6.1. The number of iterations required to achieve an accurate solution of (6.4) using an
iterative solver depends strongly on the choice of boundary integral equation formulation. Leaving
the details to Section ?, we simply mention here that it is almost always a good idea to use a BIE
of the form (6.3), in which the integral operator is compact in some function space. An equation
of this form is called a second kind Fredholm equation. As shown in Section 6.3, such formulations
can lead to extra-ordinarily rapid convergence (double precision accuracy in the linear solve in 15
iterations or less).

In some environments, there also exist O(NN) numerical techniques that do not rely on iterative
solvers, but directly compute a representation of the inverse of the operator in (6.3).

REMARK 6.2 (Terminology). In this note, the term “fast” has a precise technical meaning: We say
that a numerical method is fast if its execution time scales close to linearly with problem size. To be
precise, if it has O(N(log N)") complexity for some real number r. (In practice, r = 0 can often be
achieved, and we rarely need r larger than 2.) The term “Fast Integral Equation Method” (FIEM)
is then taken to refer to a combination of an integral equation formulations and a fast solver. Our
usage of the term “fast” is standard in this context, but the acronym FIEM is introduced purely
for the purposes of this note.

6.1.2. Benefits. When a BVP can be rewritten as a second kind Fredholm equation on the
boundary, FIEM has several advantages:

(1) The condition number of the numerical problem is typically similar to the condition num-
ber of the actual “physics” of the problem. This is in contrast to discrete systems arising
from discretizations of differential equations, which typically have very large condition
numbers. (High condition numbers lead to several difficulties; loss of accuracy being
one.)

(2) The computational complexity is asymptotically optimal in the sense that the number of
floating point operations required scales linearly with the true complexity of the problem.
In the example in Section 6.1.1, it scales linearly with the number of degrees of freedom
required to discretized the boundary of the domain. The data provided is defined on a
set of dimension d — 1 so we should not have to discretize a set of dimension d.

(3) The construction of discretization schemes that are both stable and of high order is
somewhat easier in the integral equation environment than it is in the differential equation
environment.

(4) Handling exterior problems where the domain € is the region outside some given contour
or surface I' is quite hard when discretizing the differential equation. Typically some
artificial external boundary is introduced. In contrast, in the FIEM environment, the
equation is inherently formulated on the finite domain I', and no such difficulties arise.

As a consequence of points 1 and 3, FIEM has the capacity to produce solutions of unparalleled
accuracy; even on complicated problems, relative errors of 1071° or less can be obtained.

It is worth emphasizing that FIEM is fast not only in the theoretical sense that it scales linearly
with the complexity of the problem; the constant of proportionality is often small. For BVP’s
involving constant coefficient operators, and no body loads, FIEM can be orders of magnitude
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faster than other methods. The only real competitor in this environment are methods based on
the FF'T (or spectral methods more generally), but such methods are limited in that they typically
achieve high performance only on simple domains. They also tend to be limited in the extent to
which they can handle adaptivity, and non-uniform grids more generally.

6.1.3. Generalizations. FIEM has a profound competitive advantage when applied to BVPs
that can be reformulated as integral equations defined on the boundary. With some exceptions,
this happens when the partial differential operator has constant coefficients, and when there is no
body load. However, it is occasionally advantageous to use FIEM for problems involving body
loads, and / or non-constant coefficients as well. In such environments, one must use integral
equations that involve volume integrals which implies a higher computational cost. However, the
unrivaled stability and accuracy of an integral equation formulation can sometimes justify the cost;
for instance when dealing with scattering problems close to resonant frequencies. These matters
are discussed further in Sections 6.9 and 6.10.

6.1.4. When to use FIEM. Generally speaking, FIEM works for elliptic linear BVPs in-
volving partial differential operators whose highest order term has constant coefficients. However,
they are particularly appealing for situations involving any of the following:

Constant coefficient differential operators.

No body load.

Exterior problems defined on infinite domains.

Relatively ill-conditioned physics (thin domains, scattering at short wave-lengths, etc.)
Very high accuracy is required.

As a more practical consideration, the set-up costof using an FIEM is typically higher than that of
using say a finite element discretization so in situations where you are only interested in a one-off
solve at moderate accuracy, FIEM might not be the best choice. (The hardest part is usually
to find a good integral equation formulation. In most standard situations, this has already been
done, but if you have unusual boundary conditions, multiple types of physics going on, strange
boundaries in 3D, etc., then finding the right integral equation could be a lot of work.)

In addition to the “fundamental limitations” described in the previous paragraph, there is also an
issue of availability of software. There is any number of software packages available for solving
PDEs using finite element, finite difference, or finite volume methods — some commercial and some
free. Some packages are very user friendly with GUIs, the ability to import geometry information
from a CAD program, the ability to handle? almost any differential equation thrown at them, etc.
In contrast, there are relatively few packages available for discretizing and solving an equation via
FIEM, and what is available is often raw Fortran code.

6.1.5. Outline of chapter.

6.2. Notation, orientation of boundaries, etc

Unless otherwise noted, €2 will in this section denote a simply connected boundary domain in the
plane with smooth boundary I'. For € I, n(x) denotes a unit normal that points out from €.
We let ¥ denote the domain exterior to I'. See Figure 6.1 for an illustration.

2The term “handle” does not necessarily imply that the output is particularly close to the correct solution
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FIGURE 6.1. Notation for geometries. I' is a smooth contour in the plane. € is
the domain interior to I' and ¥ is the exterior domain. n(x) denotes the outwards
pointing unit normal.

6.3. A model problem

In this section, we demonstrate how FIEM can be used to solve a specific problem: The Laplace
equation on a bounded smooth domain in R? with Dirichlet boundary data. The objective is to
demonstrate the entire solution procedure for a particularly simple example. We will then return
to different points in later sections and describe how to generalize the techniques to other equations
and to other geometries.

6.3.1. Reformulation of a Boundary Value Problem as a Boundary Integral Equa-
tion. We consider the BVP
(6.5) —Au=0 on €,
(6.6) u=f onT,
where € is a simply connected open set in R? with smooth boundary I', and where f is a prescribed

function on I'.” We seek to rewrite (6.5, 6.6) as an equation defined on I' only. To this end, we
make the Ansatz

(6.7) u(z) = /F )@= on e, forxeq,

2|z — |2

where n(z’) is the unit outwards pointing normal of T" at 2/, and where o is an unknown function
on I'. Note that for any o, the function u defined by (6.7) satisfies (6.5).> Equation (6.6) is satisfied
if and only if the function u defined by (6.7) satisfies

(6.8) yﬁlﬂi;ryleﬂu(y) = f(x), Vezel.

A simple evaluation of the limit (6.8) (see Section 6.5) yields
1 n(x') - (z —2')

In a strong sense, the BVP (6.5, 6.6) is equivalent to the BIE (6.9).

3Conversely, it is known from classical potential theory that any solution of (6.5, 6.6) can be written in the form
(6.7) for some function o.

68



6.3.2. Parameterization of BIE. We next seek to approximate the BIE (6.9) by a set of
linear algebraic equations. To this end, we parameterize I' via a function G(t) = (G1(t), Ga(t))
such that

(6.10) I'={G(t): telo, T]}.

Causing hopefully not too much confusion, we think of any functions defined on I' as functions of
the parameter ¢:*

u=u(t), o=o(t), =[O

We can also express the double layer kernel in terms of parameter values:
n(t') - (G(t) — G(t'))
27|G(t) = G(¥)]?
Gy(t') (Gi(t) = Gi(t) — GL(t') (Ga(t) — Go(t))
T ((GH(#))2 + (G4(#))2) 2 ((Gr(t) = G1 (1)) + (Galt) — Ga(t))?)
n(t') — (GIQ(t/)v _Gll(t/))
(G1(t)* + (G5(t)*

Inserting the parameterization into (6.9) we obtain

(6.11) D(t,t') =

where we used that

(6.12) —fa / D, ) o(¥) |G/ (@) dE = F(t),  for € [0, T.

(Observe that the formulas can be simplified slightly since the term |G’(¢')| appears in the de-
nominator of D(t,t"). This would be beneficial for now, but would cause problems later when we
consider more general quadratures.)

REMARK 6.3. In most cases, the kernel in a BIE is singular ast' — t, and at first glance it appears
the the kernel D(t,t') in (6.11) is singular as well. However, it turns out that when the contour is
smooth, we have n(z') - (x — 2') = O(|x — 2'|?) since the angle between n(z') and x — ' approach
w/2. In consequence, the singularities in the numerator and the denominator precisely cancel, and
the kernel is in fact a smooth function. Using I’Hopital’s rule twice, we find that

lim D(t, ) = Ga(t) Giﬁy)(;_/(g/\l 0650

6.3.3. Discretization of BIE. We discretize (6.12) using the Nystrom method, as follows:

First we discretize the integral in (6.12) using a quadrature rule with weights (w;)X j=1, and quad-

rature points (¢;)N_; C [0, T] and obtain the approximate equation

(6.13) —70 ) + ij (t,t;) |G (t)| o(t;) = f(t),  fort e [0, T).
To obtain a discrete equatlon from (6.13), we require that (6.13) should hold for at the quadrature
points, i.e. when t = t1,...,tx. This results in the system of equations
N
1 . )
(6.14) —5o(t:) + > w; D(ti, 1)) |G'(t)) o(t;) = f(t:),  fori=1,2,...,N.
j=1

4To be mathematically rigorous, we should have defined a new function U = u o G (so that U(t) = u(G(t))), a
new function ¥ = o o G, and a new function F' = f o G. Then u, o, and f would have been functions defined on T,
and U, ¥, and F would have been functions defined on [0, T7.
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We write (6.14) in matrix form as

(6.15) <—;I + B> o=f

where f is a vector of pointwise samples from f, f(i) = f(¢;), and where o is a vector approximating
the exact solution o, o (i) ~ o(t;), and where B has the entries

B(i,j) = D(ti, t;) |G/ (t;)| w;.

Finally, we note that since the integrand in this particular case is smooth and periodic, the trape-
zoidal rule (w; = T/N, t; = i T/N) achieves superpolynomial convergence rates; and find that

B(i,9) =  D(to 1) 10'(15)]

6.3.4. Post-processing: The numerical method described so far yields as its result the dipole
distribution o, which is generally not the quantity sought. However, any other quantity of interest
can be computed via the formulas:

(6.16) u(z) = — fa /D z,2') o(2") dl(2)), zel

(6.17) /D x, 7)o (') dl(z)), x € Q.

The kernel in the first formula is smooth and it can easily be evaluated upon discretization via
the trapezoidal rule. The kernel in the second formula can also be evaluated very easily whenever
the target point x is not that close to the boundary. However, if x is close to the boundary, then
D(z,2") has very sharp derivatives when 2’ approaches x and some care must be exercise.

The evaluations of the layer potentials (6.16) and (6.17) can be accelerated by the Fast Multipole
Method if the potential is sought at a large number of target points.

6.4. Review of the Green identities

Recall that if f is a vector valued C! function on €, then the Gauss theorem reads

/QV-fz/Fn-f,

where n is the outward pointing unit normal to I'. Now suppose that v and v are two C? scalar
value functions. Applying the Gauss theorem to f = uVv and f = (Vu)v we find

ov

(6.18) /Q(u Av+Vu-Vuv)= [ u n
ou

(6.19) /Q(AuquVu-Vv) _/p@nv

Subtracting (6.19) from (6.18), we find

ov Ou
/Q(uAv—Avu)—/F<uan—anv>.

Now fix a point x € (2 and set



Further, assume u satisfies
—Au=0 in ,

let € be a small number (smaller than dist(I',x)), set

Q. = Q\B:(z)
and observe that

0. =T UT.
where

I'. = 0B (z).

Now note that Au(y) = Av(y) for y € Q. to obtain

v  Ou ov  Ou
2 = - = = _ =
(6.20) 0 /<u8n on >+/p< on  0On >
We next seek to evaluate the limit as € — 0. For y € I'., we find

1 1
vy) =— 5 loglz —y| = —5_loge
ov rT—y T—Y 1 1

%(y) =n(y) - Voly) = |z —y| 27|z — y|? B 2rlw —y|  2me’

Since u € C(Q2) we find

. v .
gl—% ()8n( )dl()_gl—% rsu()2ﬂ'€

dl(y) = u(x).
Since u € C1(Q) we know that for some finite M, we have |Vu(y)| < M and so

lim
e—0

n e—0

o 1
/ u(y)v(y)dl(y)‘ §limsup/ M — |loge| di(y) = limsup M ¢ | log e| = 0.
I, 6 I, 2 e—0

Taking the limit ¢ — 0 in (6.20) we obtain

n(y) - (y — =) / 1
6.21 = | —/————~ di(y) — | —1 — n(y) dl(y).
(6.21) uw) = [ LD utwy i) - [ 10y - alun ) dit)
We introduce two integral operators called layer potentials via
(6.22) The single layer operator: /10g|x —ylw(y) dl(y),
(6.23) The double layer operator: [Dw]|(z) = /FM w(y) di(y).

Then (6.21) takes the form
(6.24) u(z) = —[Dul(x) + [S un)(x) x €.

An entirely analogous computation shows that
1
(6.25) 3 u(z) = —[Dul(z) + [S up](z) zel.
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6.5. Derivation of BIEs for Laplace’s equation

6.5.1. The direct formulation. We first derive a BIE for the Dirichlet problem

—Au(z) =0, x €,
u(z) = g(x), xzel.
From (6.25) we find that
(6.26) L@ +Dg@) = [Swl@) zel.

2

Equation (6.27) can be solved for the unknown boundary function w,. Once u, has been deter-
mined, the potential u can be recovered from (6.24).

Next consider the Neumann problem

—Au(z) =0, x €,
From (6.25) we find that
(6.27) %u(x) +[Du)(x) = [Shl(z) el

Equation (6.27) can be solved for the unknown boundary function u|r. Once u|r has been deter-
mined, the potential v can be recovered from (6.24).

REMARK 6.4. The so called “direct” formulation for works very well for the Neumann problem
since the operator (1/2)I + D is an invertible second kind Fredholm operator. It works less well
for the Dirichlet problem since S is compact, and the inverse of a compact operator is unbounded.
The difficulties involved can all be resolved, but it takes some effort.

6.5.2. The indirect formulation. Consider the Dirichlet problem
—Au(z) =0, x €,
u(z) = g(x), zel.

We look for a solution of the form
u(z) = [Do](z),
where ¢ is an unknown boundary potential. A well-conditioned equation for ¢ is obtained from
the formula )
lim [Dol(z) = —=o(x) + [Do](z), zel.
2€Q, z—x 2

We find )
—50(@) + [Do](2) = g(a)

Next consider the Neumann problem

—Au(x) =0, x €€,
un(x) = h(zx), zel.
We look for a solution of the form
u(z) = [So](z),



where o is an unknown boundary potential. For z € I", we find

up(x) = lim  n(x)-V[So](z) = 1cr(m) + [D*o](x),

z€Q, z—x 2

where D* is the adjoint of the double layer potential,
—n(z) - (z —y)

D*ol(z) = / —————=ds(y).

(Dol(r) = | G g ds(
(Observe that the normal is evaluated at the target point z, not at the integration variable y.) We
find that the equation for o reads

1
(6.28) ia(az) + [D*o)(z) = h(x), zel.
The operator (1/2)I + D* is a second kind Fredholm operator, but it has a one-dimensional null-
space, and a one-dimensional co-range. This is very natural, since we know (1) that the Neumann
problem does not determine u other than up to translation, and (2) that the Neumann problem is
not well-posed unless

/F h(z) ds(z) = 0.

Some care must be exercised in solving (6.28). An easy way of handling this is to modify the
Ansatz to read

(6.29) u(z) = [Sol(x) — % log |z — | /Fa(a;) ds(z),

where Z is a point chosen in the interior of 2. Then the new equation for o is

/a(;v) ds(z) = h(z), xzel.
r

1 n(z) - (x — )
. - D¥ol(z) - B L~ 1)
(6.30) 5o(@)+ (Do)~ H
Integrating (6.30) over I', we find

/F<;a(x)+[p*a](x)> ds(x)—/rn(xHMds(x) /Fa(w) ds(x) :/1“h($) ds(a)

2|z — 7|2

~~

=0 =—1 =0
In other words, when (6.30) holds, we have

/Fa(ac) ds(xz) =0,

which implies that the “new” term in (6.29) vanishes.

REMARK 6.5. The exterior Neumann problem is easier to handle. Consider the equation
6.31 —Au(x) =0, xeVv,
(6:31) un(z) = h(x), zel.

Note that we do not need h to integrate to zero for (6.31) to have a solution. We still have a
problem in that the solution is not uniquely determined unless we specify some decay condition at
infinity. Observing that the total charge that generates w is fF h, it is natural to require u to satisfy

1 1
u(w) = log/h(x’) ds(z') + O(1/|z]),  as |z] = oo.
2 || Jr
Formally, we couple (6.31) with

(6.32) lim sup

R—o0 |z|=R

=0.

u(z) — % log ’xl‘ /F h(z") ds(x)
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Condition (6.32) is automatically satisfied if we look for a solution of the form

u(z) = [Sol(x),
where o is an unknown boundary potential. The relevant equation for o is now
1
(6.33) —§J(£L') + [D*ol(x) = h(x), xel.

The operator —(1/2)I + D* is a second kind Fredholm operator that is onto and one-to-one.

6.6. Discretization of BIEs

6.6.1. The Nystrom method.

6.6.2. Collocation.

6.6.3. Galerkin.

6.7. Quadrature rules for smooth contours

6.8. Quadrature rules for contours with corners

6.9. FIEM for problems involving body loads

In Section 6.1.1, we described how FIEM works for a linear BVP with no body load. It is in
principle trivial to extend the method to a problem with a body load by simply splitting the
problem into two parts: First a particular solution that satisfies the PDE but not the boundary
condition is determined, and then a homogeneous solution that corrects the boundary condition
is determined using the ideas described in Section 6.1.1. However, some numerical complications
may arise, as illustrated below.

Suppose that we wish to solve the equation
(6.34) Au=h on §,
(6.35) u=f on T,
where h is a given body load. The first step is to construct a “particular solution”, u, , with the
property that

Auy, = h, on 2.
Setting uy = u — up, we find that u, satisfies

Aup, =10 on €,

up = f on I.

Since uy, satisfies a homogeneous problem, it can be determined using the boundary integral tech-

nique described in Section 6.1.1.
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Now, if Q is a rectangle (or some other simple geometrical shape), and if h is a smooth function
on h, then one can easily compute a particular solution u, via

up(z) = /Q Gz, y) h(y) dA(y).

When £ is smooth, but €2 is not a simple geometric shape, it may be easier to compute an integral
over some extension ) of €2,

up(z) = /Q G(z,y) hy) dA(y),

where h is a smooth extension of A from € to Q, see [?]. Another alternative, which is attractive
when h is not easily integrable, is to use the FFT or some other fast Poisson solver so solve the
equation

(6.36) Aup = h on ,
(6.37) up = f on Of).

FIEM for problems involving body loads are discussed in [Greengard and Etheridge, Biros, etc].

6.10. FIEM for problems involving partial differential operators with non-constant
coeflicients
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CHAPTER 7

Iterative solvers
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CHAPTER 8

Extensions to other equations

Helmholtz
Maxwell
Elasticity

Stokes
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CHAPTER 9

Computing in the real world

3D problems

human time vs computer time
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APPENDIX A

Translation operators of the classical Laplace FMM in R?

1.0.1. The outgoing from sources translation operator. Let 7 denote a box with center

¢, and side length 2a. It holds sources q7 = [g T]J 1 at locations X7 = [x}]le. Consider the

potential

J
= qj log(y — x7).
j=1

The potential admits the multipole expansion

uy) = Gg log(y —¢;) + Z G ——

_CT

where
J
@ =>4,
j=1

J 1 ‘
i =Y 05— e’

j=1

1.0.2. The outgoing from outgoing translation operator. Suppose that a child o of a
box 7 holds a source distribution represented by the outgoing expansion q°,

o0
~O AT 1
u(y) = qg log(y —¢;) + qu y—c )
=7
Then this field can alternatively be represented
= 1
u(y) = qg log(y —¢r) + ) 4f 7——;>
( ) 0 ( 7’) ; % (y _ CT)l
where
do = 4o »
) 1 o i1 .
Qi ==~ (co—c)' + D47 <j ~ 1> (€o — 7).

j=1
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1.0.3. The incoming from outgoing translation operator. Suppose that 7 and o are two
well-separated boxes, and that ¢ holds a source distribution represented by an outgoing expansion
q°. Then the field in 7 caused by these sources can be represented by an incoming expansion u’,

Oo .
=Y i (x - e,
=0

where

1
gy = g log(c )+ Z 7_ )’

) . . i1 1
T — _49 - g —1 J -_— .
u,; 9 - _~; i Co— — CT)Z + ]z::lq]( ) < ,7 -1 > (co' _ CT)Z+]

1.0.4. The incoming from incoming translation operator. Suppose that 7 is the child
of a box o. Suppose further that the incoming expansion u’ represents a potential in o caused by
sources that are all well-separated from o. Then these sources are also well-separated from 7, and
the potential in 7 can be represented via an incoming expansion u’ so that

Oo .
=Y ax— e’
i=0
where

o0 .
ap =Y 4 (Z) (cr —co)
Jj=t

1.0.5. The targets from incoming translation operator. Suppose that 7 is a box whose
incoming potential is represented via the incoming representation 4”. Then the potential at the
actual target points are constructed via

g 0y T —cr)
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