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Presentation

This is yet another instance of the beginning of a book I'll never find the time to finish.
Instead, you’ll find here some basic lectures, at an elementary level,, about boundary
integral equations and boundary element methods.



Chapter 1

The single layer potential for the
Laplacian

1.1 Exterior solutions of the Laplace equation

We consider the following geometric set-up. A bounded domain Q_ C R?, with d = 2
or d = 3, is assumed to be on one side of its boundary I". Often, the domain of interest
will be Q, := R\ Q_, and will be referred to as the exterior domain. The unit normal
vector field v : I' — R? is well defined (almost everywhere) and assumed to point from
Q_ to Q.

With respect to the boundary, the farther we will go from the point of view of regularity is
Lipschitz regularity (see Section 1.5 below), but it will help the reader to place themselves
in one of these extreme situations:

e ['is a closed simple polygon in the plane or a closed polyhedron in the space that
is locally representable as a graph.

e [ is locally the graph of a C* function.

Many interesting situations fall in-between. We will make an effort in exploring domains
in their due generality, as we approach the more theoretical chapters of this book.

Most of this book is going to be focused on exterior solutions of boundary value
problems. We start by focusing on the Laplace equation

Au=0 in Q. (1.1)

At this point we are not going to worry about smoothness of the solution or of the
boundary. Smoothness of solution will be a given, as we will see later in the book, and
the boundary might have different kinds of regularity. A boundary condition will be given
on I', typically, a Dirichlet condition

u=f on [, (1.2)



or a Neumann condition

dyu:=Vu-v=_[ onT. (1.3)

The problem is not complete without a certain kind of condition at infinity. At this
moment, we are going to deal with the asymptotic behavior at infinity in full generality.
In the two dimensional case, we assume that

w(z) = a log|z| + b+ % +O(|z|7?) as |z| — oo. (1.4)
z
The scalar quantities a and b, and the vector ¢ might be given or not. The Landau symbol
is used as follows:

f(z) = O(|z2|™™) as |z| = o0
means that there exist C; R > 0 such that
|f(z)] < Clz|™ Vz s.t. |z| > R.
In the three dimensional case, we will consider the following type of asymptotic behavior

a b-z
u(z) = m + \ZT +0O(|z|™?) as |z| — oo. (1.5)
Asymptotic conditions at infinity, imposed to solutions of boundary value problems, are
often called radiation conditions for reasons that will be clear when we start exploring

equations related to wave propagation.

Some functional notation. FEven for readers who are not fully acquainted with inte-
gration theory, it will be useful to adopt the classical notation of Lebesgue spaces. On a
domain © C R? (bounded or not), we consider the spaces

LY ={u: Q=R : /Q|u| < o0}, (1.6a)
LX) ={u: Q>R : / lul* < oo}, (1.6b)

and
L>*(Q) :={u:Q— R : |u| bounded}. (1.6¢)

Some further precision is needed. The integral in (1.6a) and (1.6b) is a Lebesgue integral.
The Lebesgue measure will not be displayed unless we explicitly show the variable in the
function. Functions that are equal almost everywhere (except in set of zero measure) are
considered to be the same function. If the reader is not acquainted with these concepts,
there are simple intuitive introductions to measure and integration in the literature. We
will not attemp them here. In (1.6¢), boundedness has to be understood as the existence
of a constant such that |u| < C almost everywhere, i.e., except in a set of zero measure.
Once again, functions that differ on sets of measure zero are considered to be the same
function. When we are working on the boundary I', we will use a Lebesgue measure in
d — 1 dimensions mapped on the boundary (this is particularly easy to understand in the
case of polygonal boundaries), in order to define the spaces L'(T") and L*(T"). The space
L>(T") is similarly defined.

eq:1.ba

eq:1.5b

eq:1.5c



1.2 The single layer potential in three dimensions

Let n: I' — R be a given function defined on the boundary I'. We then define the single
layer potential Sn : R3\ T' — R with the formula:

s = [ 1Y) ary).

r 47T]z - y!

In this context, the input function 1 will be called a density. Several simple properties
are next listed. Their proofs are proposed in the exercise list. If n € LY(T") and u = Sn,
then w € C*(R3\ I'), and

Au=0 in R3\ T, (1.7a)

u@) =a -+ Oz ?) sl oo (1.7h)

where a = ﬁ frndf. It takes quite some more work to prove the following estimates.
On smooth points of the boundary, that is, on points x € I' on which there is a tangent
plane, and for smooth enough density n, we have

(Yru)(x) :== lim wu(x) :/L}’)df(y), (1.8a)

Q13z—x r 47T|X — y‘

(Yu)(x) == lim wu(x) :/ﬂdr(y), (1.8b)

Q_>z—x T 47T’X — y‘

@) = lim Vu() - vlx) = —51(x) + [ W =) v i), (L)

Q42z—x 2 47T|X — Y|3
O ) =l Fulx)vlx) = gu0 + [ E0 T ymar). s

This shows that the single layer potential is continuous across the surface from where it
is generated, but that its gradient is discontinuous in the normal direction, with a jump
discontinuity equal to the density. We have used the symbols 7* to denote restrictions
to the boundary from 2. These will be the precise symbols for trace operators that we
will use when we get to be theoretically precise. We have also adopted the quite usual
symbols OF for normal derivatives from both sides of T

Smooth points on the boundary include all points that are not on edges in the case of
polyhedral boundaries. All points are smooth on smooth surfaces.

Two boundary integral operators. It is quite convenient to have separate symbols
for the two integral expressions in the righ-hand-sides of (1.8): for an arbitrary density n
and for points x € I', we define



eq:1.9

V) = [ M) _gp(y), (1.99)

r 47T|X - Y|

i) = [ yygare), (1.9)

Note that Snp and V7 share the same mathematical expression, although they mean two
different things: S is a function defined in free space R3 \ ' and V7 is defined on the
interface I'. The operators V and K' are our first two examples of boundary integral
operators, respectivelly called single layer operator and adjoint/transpose double layer
operator. We will need to wait until Chapter 2 to understand the name of the second one,
as well as its superscripted notation.

Some jump relations. We can collect much of the previous information with the help
of the jump and average operators: if u : R?\ I' — R is sufficiently smooth on both sides
of ', we write

[vu] == u—~"u, [O.u] == 0, u — dfu,

and
{ru} =37 u+ 37"y, fo,ul} =10, u+ 10} u.

Then, the limiting properties of the single layer potential (1.8) can be condensed as

[vSn] =0, [0.8n] = n, (1.10a)
{rSn} =~+"Sp=Vn, {85} =K'n. (1.10b)

In the jargon of boundary integral equations, these are some of the jump relations of
potentials.

A boundary integral equation. We can now try to use the single layer potential to
solve the exterior Dirichlet problem:

Au =10 in Q4, (1.11a)
vru = By (on T, (1.11b)
u=0(r"1) as r — 00, (1.11c)

for given boundary data By : I' — R, and where the simplified asymptotic notation for
the radiation condition at infinity is self-explanatory. We can look then for a solution of
(1.11) in the form of a single layer potential

u =S, (1.12a)

for a density n to be determined. This function satisfies the Laplace equation and has the
right asymptotic behavior at infinity. It solves the Dirichlet problem if and only if

Vi = Bo. (1.12b)
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The equation (1.12b), which has the explicit form

n(y) _ ,
/Fmdﬂ.‘/) = fo(x),  xeT, (113)

is our first example of a boundary integral equation. Once again, we are not concerned
with smoothness or regularity of the functions involved in this problem, so we do not have
the right to talk about existence and uniqueness of solution to (1.12b). Note though, that
in principle we will aim for equation (1.13) to be satisfied only almost everywhere, or,
more precisely: on any point not on vertices/edges in the polygonal case, and everywhere
in the case of smooth surfaces. What is important to remember at this point is that
the equation (1.12b) is coupled with the integral representation (1.12a), since it is the
Dirichlet problem (1.11) that is of interest to us, and not the integral equation per se. It
is common to refer to a potential representation of the solution of (1.11) as a potential
ansatz.

Single or simple? There is some discussion in the community on whether the name
of the single layer potential should be simple layer potential, as it would correspond to
a more direct translation of its German origin (due to Carl Friedrich Gauss), which is
respected in other languages. It would also probably pair better with its counterpart, the
double layer potential that we will meet in Chapter 2. (It has to be said that both simple
and single convey the idea of one-ness.) On the other hand, English language usage for
single layer is quite extended and unlikely to change just because we want it to change
(that is probably not how languages work, especially in relatively unimportant topics as
this one), so we will be faithful to the old single layer tradition.

1.3 Some numerical methods

We fast forward to show two numerical approximation methods for problem (1.12b).
Consider a partition of I" in relatively open disjoint patches {71,...,Tn}

and the set of piecewise constant functions with respect to this partition
Xp={n":T >R : ", € Po(T}) Vj}, (1.14)

where Py(€2) is the set of constant functions on the domain €2. (We will use a script h to
denote discretization. The meaning of this index will be clear when we study approxima-
tion properties of the space X}, in different norms. In that case h will be the maximum
diameter of the elements of the partition.) A basis for X}, is easy to define using the
characteristic functions of the elements of the partition:

)1, inTj,
Xj+= { 0, elsewhere. (1.15)



A Galerkin method. We look for " € X}, such that

[ G0 = [ eI e X (116)

r

It is clear that any solution of this equation is also a solution of
/ (V") (x)dT(x) = / Bo(x)dI'(x) i=1,...,N, (1.17)
Ti Ti

since we only need to restrict testing in (1.16) to the basis functions x;. However, linearity
of integration and the fact that {xi,...,xw} is a basis for X}, shows that (1.17) also
implies (1.16). We can go one step further by decomposing the unknown in the given
basis. We thus look for

N
(n1,...,nn) € RY, representing 0"t = Z niX;» (1.18a)
j=1
such that
N
> (/ (ij)(x)df(x)) n; = / Bo(x)dl'(x)  i=1,...,N. (1.18b)
j=1 T; T;

It is clear from (1.18b) that we are in the presence of an N x N system of linear equations.
A closer inspection to the elements of this matrix show that they are

V= [ r)eareo = [ [ —aniarty) (1.19)

Therefore, the matrix in the system (1.18b) is symmetric. It is also a full matrix to the
furthest extent of this concept: not a single element of the matrix is zero. It will take us
a little bit longer to show that the matrix is also positive definite. This is a consequence
of a coercivity estimate that we will not see for the time being. Once the discrete density
n" has been computed (by assembling the system (1.18b) and solving it afterwards), the
discrete solution to the Dirichlet problem (1.11) is given by the single layer potential

representation
al 1
h h
u' = Sn" = /—dFy ;.
;( Tj47T|‘_y, ) ) s

This is a linear combination of N single layer potentials generated from constant density
distributions on each of the patches 7j. One interesting feature of this kind of methods
is the fact that u" still satisfies the differential equation, and it is only the boundary
condition that has been approximated. More precisely, since u" = Sn”, then

Aul =0 in R3\ T, (1.20a)
u = O as r — oo. (1.20Db)



The boundary condition is not satisfied. In its place we have the following bits of infor-
mation on the boundary:

[yu'"l =0,  [9,u"] € X, /Fu"(7+uh — Be)dL =0 Yy € X (1.20c)

The first of these conditions stems from the fact that single layer potentials are continuous
across their boundary. The second one just restates the fact that the jump of the normal
derivative, that is, the density, was found in the subspace X},. The third condition repeats
the fact that we are forcing some moments of y*u" = Vn" and 3 to coincide, namely,
those moments obtained by averaging on the elements 7;.

A comment on notation. The matrix (1.19) is symmetric and therefore the order used
to write integration domains and variables in that formula is not very relevant. However,
from now on we will keep the following easy to remember convention: assuming that the
order of integration is not relevant, we will write

I @A) = /| ( |

J

d(x, Y)dF(Y)) dI'(x),

that is, we will write the integration variables in the same order as the domains.

Computation of integrals. At the present stage of this text, we are going to ignore
the difficulties of computing the integrals

/Ti /Tj mdl“(x)dl“(y) and /Tl Bo(x)dD(x).

Even in the case of a polyhedral surface (where element integrals become integrals over
plane domains quite easily), partitioned into simple shapes T; (quadrilaterals or triangles),
this computation is not an easy task. Assume for the moment being that I" is a poly-
hedron and that it has been subdivided into triangles in the tradition of Finite Element
triangulations: two adjacent triangles can share a common vertex or a common full edge.
We have four situations for pairs of elements (7;,7}):

« T,=T,

e T; and Tj share a common edge,
e T; and T, share a common vertex,
e T, and T; are disjoint.

Only the latter case is easy to handle from the point of view of the integral in (1.19). In
this case the integrand is a very smooth function of both variables and we can think of
easy ways to approximate the double integral. (This might be misleadingly easy, however,
when the elements are disjoint, but they are geometrically very close, since the function
gets to have very large values and gradients.) All other cases involve integrating functions
with singularities. More about this in the appendices.



The collocation method. Let us go back to our general partition {I'y,..., 'y} and
to the space Xj,. We now choose points x; € T; for all i (one point on each element), and
look for " € X, satisfying

(V™) (x5) = Bo(x:), i=1,...,N. (1.21)

Equivalently, we can look for coefficients (11, ...,ny) € RY satisfying

N

) (/T mdf(w> nj=Bo(xi)) i=1,...,N. (1.22)

=1

We are again in the presence of an N x N linear system. We have lost symmetry in
the discretization process, but have greatly simplified several aspects: the right-hand-
side does not require any integration process, and the matrix involves only integration
over T}, as opposed to integration in double the number of variables that appear in
Galerkin methods. It has to be said though, that for this particular equation, even
restricting to simpler boundaries and partitions, there is no satisfactory theory supporting
the collocation method, while the theory of Galerkin methods is very well understood since
over four decades ago, including results for superconvergence that we will mention in due
time.

1.4 The two dimensional case

While the same ideas that we have explained in Section 1.2 will work in two dimensional
problems, and being able to foresee that the corresponding integral equations will be
simpler (integration on I' is essentially one-dimensional), the unbounded behavior of the
fundamental solution of the Laplace equation in two dimensions complicates asymptotics
at infinity and the search for well-posed boundary value problems. We start with the
definition of the single layer potential

(Sm) =~ [ Toglz = yln(y)dr(y), (1.23)

The difference between this potential and its three dimensional counterpart is the function

1

1
~5- log |x — y| instead of X =y

This function is the fundamental solution, or Green’s function in free space, for the Lapla-
cian (properly speaking, for the minus Laplacian). For very similar reasons that were
argued in Section 1.2 (details are requested as exercises), if u = Sy with n € L'(T"), then
u € C®(R*\T) and

Au =0 in R?\ T, (1.24a)
u=alogr+ O(r™) as r — 00, (1.24b)



where a = —% Jendl. The limits of Sy and its normal derivative on both sides of I can
be represented using two integral operators:

eq:1.25

Vi) o= [ loglx = yln(y)dr(y), (1.250)
i) = [ O yar ). (1.250)

Like in the three dimensional case, when we think of the integral operators, we have to
remember that the input is a function defined on I' and the output is a function defined on
I' too. The jump relations are exactly the same as in the three dimensional case, namely

[ySul =0,  [3.,5n] =n, (1.26a)

and
fysn} =~ Sn=vn,  {a.Kn} =K. (1.26b)

Equalities are to be understood as happening only on smooth points of the boundary and
for smooth enough densities. From the rightmost formulas in (1.26a) and (1.26b), it is
easy to prove that

9;Sn =—in+K'n, 9, Sn = sn+ XK.

An integral equation for the Dirichlet problem. Consider the exterior problem

Au =0 in Q, (1.27a)
yru = B (on T, (1.27Db)
U= U + O(r™ 1) as r — 0o, (1.27¢)

where u, € R is unknown. This is a good model for the exterior Dirichlet problem,
looking for bounded solutions. It will be seen in future chapters that the option of
taking v = O(r~!) as the radiation condition leads to problems that might not have
a solution. Based on what we know about the single layer potential, we propose the
following representation for the solution of (1.27)

U= SN + Uso, where /ndF = 0. (1.28a)
r

This guarantees that u is a solution of the exterior Laplace equation with the correct
asymptotic behavior at infinity. Both n and wu., are unknown. The boundary condition
is then equivalent to

Vn + to = Bo. (1.28b)
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eq:1.30

A Galerkin method. Let now {77,...,Tx} be a non-overlapping partition of I" in the
same conditions as in Section 1.3 and let X}, be equally defined. We then look for n* € X,
and u”, € R such that

/,uh (V" 4wl )dl = /,uhﬁo ar  wvu" e x, (1.29a)
r r
and
/nh dl = 0. (1.29D)
r
Using the basis of characteristic functions on the elements of the partition {x1,...,xn~},

we can look for (n1,...,ny) € RY and u”, € R such that

N
Z%mﬁ\Ti!u’;@:/ Bo(x)dl(x)  i=1,....N (1.30a)
j=1 i
N
> [T;n; =0 (1.30b)
j=1
where )
Vi :vji:__/ / log [x — y|dT(x)dT(y) (1.300)
2 J1, T;

and |T;| is the length of the element 7;. The global matrix is symmetric but has a not
very attractive zero in the last diagonal term. An exercise below suggests a simple way
around this. As for implementation of this problem, we propose some approximations of
the integrals in one of this chapter’s projects.

The interior problem. One interesting feature of this single layer representation of
the solution of the Dirichlet problem is that if (7, u«) solve (1.28), the interior part of the
potential representation (after all Sn + u., is well defined in R?\ T') is also a solution of

Au=0 1in Q_, Y u = [y.

1.5 Lipschitz domains (*)

In this section we are going to describe with precision what the type of domains are, for
which we will be delivering precise mathematical statements about the boundary element
method. Where and why some of the hypotheses of the definition are used is not easy to
grasp unless you are willing to go deep in the theory of Sobolev spaces. The goal of this
course is not that, but it is necessary to have delimited the scope of our theory and to
warn of the dangers of more complicated situations.

Let then Q_ be a bounded open domain in R? with boundary I' and exterior ).
Assume now that for every point x € I' (and here every means, exactly for every point),
we can find:

11



(a) a vector a € R? and an orthogonal matrix @, determining a rigid motion
d(x) = Qx +a,

(b) a Lipschitz function h : R¥* — R, that is, a function for which there exists L such
that
&) -hF)| < Cx-y VX yeR"

(c) and a cylindrical reference domain

{x,t) e R xR : [X] < e, ]t] < p},

so that

d(x,h(x) +1t) € Oy, x| <e, 0<t<p,
d(x,h(x)) €T, x| <e,
d(x,h(x) —t) € Oy, x| <e, 0<t<p.

(The elements of the above list —rigid motion, Lipschitz graph, and localization cylinder—
depend on the point x.) In this case we say that Q_ is a (strongly) Lipschitz domain. We
also say that I is locally a Lipschitz graph and €)_ is locally a Lipschitz hypograph (it can
be locally placed under a Lipschitz graph.) Note that the local process to observe/describe
a Lipschitz hypograph consists of the following steps (see Figure 1.1):

e create a (possibly small) localization cylinder;
e deform the cylinder in the vertical x4 direction using the Lipschitz function;

e apply a rigid motion to place this locally deformed cylinder in the physical space,
making the image of the original horizontal disk (x,0) part of the boundary, the
negative part being mapped to the interior domain, and the positive part to the
exterior domain.

In some theoretical expositions it is common to flip the z, axis so that the domain is a
hypergraph. This obviously does not change the kind of domains.

Examples. Most friendly domains are Lipschitz domains. Circles, rectangles, simple
polygons,... are planar Lipschitz domains. Domains with internal or boundary cracks are
not Lipschitz domains. Domains with cuspidal points on the boundary are not Lipschitz
domains. Similarly, spheres, torii, hexahedra,... are Lipschitz domains in the space, and
once again, cracked domains are excluded. (This does not mean that they cannot be dealt
with at all, but that much of what we are going to say here has to be adapted, sometimes
in highly nontrivial ways, to these more general situations.)

12



Figure 1.1: The localization process in the definition of a Lipschitz domain. The cylinder
on the left. Its deformation by a part of a Lipschitz graph in the center. The deformed
cylinder being rigidly mapped to physical coordinates.

Figure 1.2: A non-Lipschitz planar polygon. The central point of the figure is troublesome,
since the domain cannot be placed on one side of the boundary at this point.

The normal vector. Due to a well-known but really deep theorem by Rademacher,
the function h is differentiable almost everywhere in its domain of definition. This means
that we can attach a tangent plane to almost every point in the graph ®(x,h(x)). The
unit normal vector at the point z = (X, h(X)), pointing towards 2, will be denoted v(z).
It is not complicated to see that the normal vector at the point exists and coincides even if
we change the point x around which we are localizing. We thus get an almost everywhere
defined unit vector field v : I' — R?. In the case of a polyhedral domain, the construction
of the normal vector field is completely straightforward.

Smooth domains. If we still assume the same construction as in the definition of
Lipschitz domain, but increase the smoothness of the function h in step (b), then we get
smoother versions of the definition. In particular, if instead of a Lipschitz function h,

13
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Figure 1.3: Two views of a popular non-Lipschitz polyhedron, made up of to corssing
bricks. The crossing point is the only point where we cannot take a point of view allowing
us to locally view the boundary as a graph. Note that ‘topologically’ the figure is quite
simple, but this lack of visibility of the boundary is enough for the domain not to fit in
the hypotheses. The domain is however an example of weakly Lipschitz domain.

we take h to be an infinitely often differentiable function, we obtain a smooth domain.
Several interesting geometric constructions can be carried out for smooth domains (or for
sufficiently smooth domains, meaning with h several times continuously differentiable).
The normal vector v(x) is well defined for every point x € I'. We can then find £ > 0
such that the set of points

{x+tv(x) :xel, |t|<e}

satisfy x + tv(x) =y + sv(y) if and only if x =y and s = ¢. In this tubular domain, we
can extend the normal vector field to a function v(x+tv(x)) = v(x) (for x € T, [t| < ¢g),
that is, the normal vector field can be constantly extended among the normal direction.
This extension is a smooth function in its domain of definition.

1.6 Literature, exercises and working projects

1. (Section 1) Let u : 2, C R? — R be smooth up to the boundary and satisfying

4). Give conditions on a, b and ¢ for u to be in L?(2,).

(
(1.
2. (Section 1) Let u : Q, C R* — R be smooth up to the boundary and satisfying
(1.4). Give conditions on a and b for u to be in L*(€,).
(

3. (Section 2 — Needs analysis) Show that if ® : R? x R? — R is of class C* in the set

14



{(z,y) e R"xR? : z £y}, and n € L}(T), then

u(z) = / B(z, y)n(y)dT(y)

is in C*°(R?\ I') and can be arbitrarily often differentiated under integral sign. Use
this to show that the single layer potential in two and three dimensions is a smooth
function and that it satisfies the Laplace equation.

. (Section 2) Prove that
1 1

z—yl |z

Cr

< W7 |Z| >2R > 2|Y|-

Use it to prove that the three dimensional single layer potential satisfies

S)(@) = o [ AIT) +O(al ™) as ] = .

. (Section 2) The previous exercise gives an explicit formula for the first asymptotic
term at infinity of the single layer potential. Find an explicit expression of the
second one, that is, the term you have to subtract to the single layer potential to
get an O(|z|~?) remainder.

. (Section 2) Let
1
_% IOg |X - y,u (d = 2)7

Eq(x,y) := 1

. (@=3)

Am|x —y]|

Show that 1
VyEi(x,y) = m(x —-y)

. (Section 4) Show that
C C
ﬁﬁloglx—Y\—logIXI < ﬁ x| > 4R > 4ly].
X X

Use it to prove that in two dimensions
1 _
(Sn)(2) = —5-log 2| /FU(Y)dP(Y) +0(lz[™)  as |z = oo

. (Section 4) Exact solutions of the Laplace equation. Let x;, x> be two distinct

points in €2_. Show that

u(x) = log x=x|
|x — Xo|

is an exterior decaying solution of the Laplace equation in two dimensions. Show

that 1,1, 2o, 22 — 23, 125 are also solutions to the interior Laplace equation. Find

more polynomial solutions in two and three dimensions. (Polynomials satisfying the

Laplace equation are called harmonic polynomials.)

15



9.

10.

11.

(Section 4) Instead of the given basis for X, we can use the following modified basis

Xi::ﬁxi_‘ri_l‘l’llxi*i’l? izl?"'aN_la SZN:X1++XN:1

If we represent the solution of (1.29) as

N
N = TiX,
j=1

show that the system can be decoupled into the computation of the coefficients 7;
followed by the computation of u/.. Write down the corresponding matrix. Finally,
relate the coefficients {7;} to the coefficients {n;} of the decomposition with respect
to the original basis of Xj,.

(Section 4) Assume that we have been able to solve

Vn+uOO:607 /UdF:C,
r

for given By and ¢ € R. What problem is u = Sn + u, solving in this case? (Note
that in this case, the leading asymptotic behavior is unbounded, but given.)

(Section 4) The logarithmic capacity. In this exercise we are going to assume
that the problem

Vo +a=0, /¢dr:1,
I

admits a unique solution. We then define Cr := exp(—a). The quantity a is called
Robin’s constant for I' and Cr is called the logarithmic capacity of I'. The function
¢ is called the equilibrium distribution for T'.

(a) Show that Cr is invariant by translations, plane symmetries and rotations of I'.
(Hint. Write the system that defines (¢, a) explicitly and apply translations,
symmetries and rotations to I'.)

(b) If cI' :== {ex : x € I'} with ¢ > 0, show that C.r = ¢ Cr, which means that the
logarithmic capacity scales like a diameter.

(c) For the given solution (¢, a), we define u = S¢. Show that u is constant in 2_.
(This requires a uniqueness argument for the solution of the interior Laplacian
that you can assume.)

(d) Show that if Cr = 1, then V is not injective.

(e) Show that the logarithmic capacity of a disk is its radius. (This one is quite
difficult. It is easy to use a symmetry argument to guess that ¢ has to be con-
stant. Using this and an exact computation, it is possible to find the solution
for the case of the circle of radius one.)
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projectl.3

Project # 1.1 — A quadrature method (coding)

Statement of the problem. We are looking for a numerical solution for the inte-
rior /exterior Dirichlet problem for the Laplacian

Au=0 inR*\T, vEu = o, U= Us +O(r~') at infinity,

in the case when I' is a smooth parametrizable curve in the plane. A boundary integral
formulation for this problem has been given in Section 1.4. and the exercise list contains
several exact solutions for both interior and exterior problems. Our starting point is a
1-periodic parametrization of the boundary x : R — I" C R?, with the following properties

x(t+1) =x(t) Vi, Ix'(t)] #0 Vi, x(t) #x(r) t—1¢&LZL.
We next parametrize equations (1.28). We abuse notation by renaming

Bolt) = Bolx(t)),  n(t) = n(x(E)IX (D).
The integral system (1.28) is then equivalent to the periodic integral equation
1 1
~5r log |x(t) — x(7)| n(7)dT + U0 = Bo(t) Vi (1.31a)

with the side condition .
/ n(r)dr =0 (1.31b)
0
and the potential representation

1 1
u(z) = —5— i log |z — x(7)| n(7) AT + U (1.31c)

A quadrature method. The method to approximate (1.31) is simple. We approximate
every integral by the trapezoidal rule on a uniform grid, and collocate (1.31a) in pairs of
strategically chosen points. We thus choose an integer N, define h := 1/N and consider
the parametric points

=7Jh, th=(G+3)h, t;=(i— %) h. (1.32)

? 6

For ease of notation we will write Y, ai = ;5 L(ay +a_) for the average of quantities tagged
with the + signs. The unknowns are then 7; ~ hn(t;) and the system is:

N
1 .
~5- E E log [x(t7) — x(t;)|n; + uX E Bo(t5), i=1,...,N, (1.33a)

+ j=1

an = 0. (1.33b)
j=1
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The solution is postprocessed to a discrete potential

N
1
uMN(z) = —%Zlog|z—x(tj)|nj+u£. (1.33¢)
j=1

Estimate the errors
|u(z) — u®(z)| = O(N %)

for different points z and increasing values of N. Try with different geometries and
different points. Show that as z gets closer to the boundary the errors degenerate. The
+1/6 lateral displacement in the observation points ¢ in (1.32) can be changed to be a
parameter +e. Try other choices and compare orders of convergence. For a given value
of N graph the error as a function of the parameter .

Another way of getting to the same method. We can devise a Galerkin method
for (1.31) based on the space

Xp={n:R=>R:n(l+-)=n, 17

(ti—hj2,t4h/2) € Po Vi}.

Show that the discrete equations can be understood as a full discretization of the Galerkin
equations using the midpoint quadrature for one of the integrals and a two point quadra-
ture for the other one. (Note that the use of different quadrature rules makes the matrix
non-symmetric.)
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Project # 1.2 — A Galerkin procedure (coding)

Statement of the problem. Let I' be a simple closed polygon in the plane. We
are looking for a numerical solution for the interior/exterior Dirichlet problem for the
Laplacian

Au=0 inR*\T, vEu = By, U= Us +O(r~') at infinity,

using the Galerkin equations (1.30) leading to a potential representation
N
uh(z) =Y iz +uly,  Bi(z):=—-— [ log|z—yldI(y).
j=1 i

An exact computation. Let e be a segment joining points v and w, and let z € R2.
Then

[10g ]z~ 31T () = £(5.0)  flam). (1.34) [eqrproject? i
where
t 9 9 t
f(t,n) = Elog(t +n°) +narctan | — | — ¢,
n
and
0= |w —v|, n:=(z—v)- n,
1
t::z(w—v), a:=—(z—v)-t,

n:=t-=(ty,~t1), Pi=atl=—(z—w)- t.

Prove (1.34).

Gaussian quadrature. Let e be again a segment joining the points v and w. Then
we can approximate

[o)re) ~ Hliote™) + o), (1.35) [eqprojecia

where
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The method. The Galerkin equations (1.30) need approximation of some integrals. For
the right-hand-side, use Gaussian integration as in (1.35). For the matrix, compute the
following approximation

L |T;
Vij%Vi?S:_—| |<

log |gt — y|dT log |g~ — y|dT
55 /Tjoglgz y| (y)+/_og|gz Y| (y)),

T;

where gii are the Gaussian points in the element T}, and the integrals can be computed
analytically using (1.34). Finally symmetrize V;; = 5(V;}* + Vi®).

Book-keeping. One of the most complicated parts of numerical coding is having the
right data structures. The partition of the boundary can be described with two matrices.

e The first one is an N x 2 matrix with the coordinates of all nodes of the partition
of I'. We will refer to it as coord. Then coord(i,:) = [z,y] are the coordinates of
the node number . The matrix itself imposes the ordering of the nodes.

e The second one is a matrix with the element references. It is equally an N x 2 matrix
with positive integers as entries: if ele(s,:) = [2, 5], this says that the element T;
starts at the point vy and ends at the point vs. It is convenient that numbering of
elements is done with positive orientation, that is, if you go from the first vertex to
the second, the domain lies to the left-hand-side of the element.

As a first part of your code you will have to create some code to generate partitions of a
given polygon, generating the coordinate and the element matrices.

Experiments. Fix a polygon and create a sequence of partitions (uniform is fine in
a first approach). The computations needed for obtain u"(z) can be carried out with
analytic integration as in (1.34). Compare then

[u"(2) — u(z)|.

There are several exact solutions for interior and exterior problems in the exercise list.
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Project # 1.3 — The Helmholtz equation

The single layer potential. Consider the following function
wz|
e
d(z) = ——.
@) = 7]
Show that the function u(z) := ®(z — xo) satisfies
Au+w?u=0 inR3\ {x0}.

This equation is called the Helmholtz equation and the function u above is called the out-
going fundamental solution of the Helmholtz equation. Show that u satisfies the following
radiation condition at infinity

Oru(z) — wu(z) = o(|z| ™) as |z| — oo,
where the radial partial derivative is defined as
Oru(z) = Vu(z) - (éz),

and the little o Landau symbol has to understood in the following way: f(z) = o(|z|™™),
when |z|™|f(z)| — 0 as |z| — oo, uniformly in all directions. This condition at infinity is
called the Sommerfeld radiation condition. The single layer potential for the Helmholtz
equation is defined as

ewlz—yl
)= [ o))

Show that Sn defines a smooth solution of Au+w?u = 0 in R3\T', satisfying the Sommerfeld
radiation condition at infinity.

A more challenging question. Study the behavior of the difference of the Helmholtz
and Laplace potentials

ewlz—yl _
w(z) iz/rm_y‘lﬂ(}’)dr(}’)

In particular, if xo € I' is a smooth point on the boundary, study the limiting behavior
of w and Vw as z — x( from both sides of the boundary.

Relation to the wave equation. Assume that U is a solution of the wave equation
OU — AU =0
that can be written in the form

U(z,t) = Re (e ™“"u(z)) = cos(wt)Reu(z) + sin(w t)Imu(z).
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Show that u is a solution of the Helmholtz equation. If u = ®(- — x¢), show that the
corresponding function U is an spherical kind of wave moving away from x,. If we
consider instead u = ®(- — xq), study what the radiation condition at infinity is, and how
the time-domain function U behaves.

The two dimensional case. Repeat as many of the previous arguments as you can
with the two dimensional Helmholtz equation. The fundamental solution uses a Hankel
function of the first kind and order zero:

(g
TH (wlal),
and the associated radiation condition is
dyu(z) — wu(z) = of|z|~?) as |z| — oo.

This part of the project will require you to inquire on basic properties of the Hankel
functions (their derivatives, their behavior at infinity, etc).
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Chapter 2

Green’s representation formula

2.1 The double layer potential
Let us start by reminding ourselves about the fundamental solution for the Laplacian

1
_% lOg |X - y|a (d = 2)7
Ey(x,y) = 1
_ (d=3),
Am|x —y|
and about a simple computation that was previously proposed as an exercise:
1

VyEa(x,y) = TP —

(x—y).

For a given density v : I' — R, the double layer potential is defined by the formula

(Dy)(2) = / Y, Ea(z.y) - w(y) b(y)dl(y) = / E=¥) ) ) oyar(y).

27Tz — y[f

In the same way that the single layer potential is a continuous distribution of monopoles on
the boundary I', the double layer potential can be understood as a continuous distributrion
of dipoles oriented in the normal direction. The idea of the dipole is simple: it is the limit

of the scaled difference of potentials generated by two opposing charges

.1
VyEi(x,y)-d= ilzl—% o (Ed(x, y + hd) — E4(x,y — hd)).

This argument can be stretched to let us understand the double layer potential as the limit
of two single layer potentials with the same density of parallel surfaces as the distance of
the surfaces decreases. As usual, some properties are easy: if ¢ € L'(T") and we define

u = D), then v € C®°(R4\ T), and

Au=0 in R\ T, (2.1a)
u = O(r as r — 00. (2.1b)
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The side limits of the double layer potential are given by the following (more complicated
to prove) relations, valid on smooth points x € I" and for smooth enough densities:

(D)0 = 300+ [ STy ar), (2.20)

2 p 277X — y |
. 1 (x—y)-v(y)
D =—= —_ dl'(y). 2.2b
(7D = —50x) + [ S S uiy)ary (2.20)
We will not give a closed formula for the side normal derivatives, but be content with
saying at this moment that

9Dy = 9, Dy (2.2¢)

Two more boundary operators. We thus define two associated boundary integral
operators

K0)00) = [ G S mare), (2.30)
(W) i= ~Outo [ SIS arey) (2.3)

While it would be extremely tempting to move the normal derivative in the definition
of W inside the integral, the result would be a function with a very strong singularity
that is not integrable any more. The kind of non-integrable singularity that would thus be
obtained justifies naming this operator the hypersingular operator. There is a possible way
of writing the operator using finite part integrals. We will not follow that route here, and
will circumvent the problem using other possible expressions. The operator K is called
the double layer operator. The negative sign in the definition of W might look somewhat
bizarre, but is very convenient from the point of view of positivity of the operator, as we
will see in due time. Note that, at least formally,

[ ueneaare) = [ [ 5000 (odr )

_ / () (K'n)(y)dT(y),

which justifies the notation for K* and its being called the adjoint double layer operator.
Once again, and because it is important, remember that potentials take input (densities)
on the boundary and build functions in the entire space (in R?\I" more properly speaking),
while the output of the integral operators is a function defined on the boundary.

The jump relations. Equations (2.1) and definitions (2.2) can be written together in
the form of the jump relations of the double layer potential:

[YDy] = —v, [0.DY] = 0, (2.4a)
Dy} =Ky,  {9,Dy} = 9y Dy = —Wp. (2.4b)
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Is there anything we can do with the minus signs? There are two details in the
limiting and jump relations of potentials that have annoyed authors since time immemo-
rial. The first one is the prevalence of the % factors in the limiting relations

0FSn=Fin+K'n, 4Dy = £l + Ky

This is easily avoided by changing the definition of all the potentials and operators.
Instead of working with Fy(x,y), we just need to work with 2E,(x,y) everywhere. Of
course, what changes then are the jump relations, since jumps of the potentials yield
twice the densities. This is actually done by many mathematically inclined authors, but
it is far from being the standard. The reader should be warned that every time they
approach any writing with potentials, the first thing to be done is to be sure that the
definitions are the same. (The letters chosen for potentials and operators also vary from
author to author.) The second incovenience comes from the minus sign in the definition
of W and the fact that [yD¢] = —1. Every now and then, someone comes with the idea
of changing the sign in the definition of the double layer potential. The minus sign then
reappears in the definition of K (or can be moved to the definition of K, since it would
not be reasonable to call transpose to the minus transpose of an operator). That would
be a minor inconvenience. Another one would occur in the next page, when the last of
Green’s identities suddenly stops being a commutator formula. The veredict is unclear,
and uses are unlikely to change, so we will stick to more traditional definitions.

An energy free solution. The interior Neumann problem for the Laplace equation
has a one dimensional kernel, namely the solutions of

Au=0 inQ_, 0,u=0

are constant functions. In the way we will impose behavior at infinity for the exterior
Neumann problem, constants will not be a problem. This effect passes onto the double
layer potential. Consider the function

u@—mww—ﬁwm@wwmwm.

If z € Q,, then we can apply the divergence theorem to the smooth vector field v(y) :=
VyEq4(z,y) to obtain

<mx@=ﬁv@»wwﬂw>

:/_divv:/_AEd(z,-) 0.

By looking at the exterior limits, we obtain

1t Kl=+"D1 =0, (2.5a)
W1=—§/D1=0. (2.5b)
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Let us now turn our attention to what happens in {2_. The interior part of the potential
u := (D1)|q_ satisfies Au = 0 in Q_ (it is a potential after all), and also 9, u = 9} D1 = 0.
Therefore u is constant in 2_. But we even know more:

Y u=79Dl=-1+Kl=-1
by (2.5a). All of this proves that
—1, in Q_,
DL =—xo = { 0 in Q.

2.2 Green’s Third Identity

Some background. Let us agree that everyone with some calculus background can
easily remember the divergence theorem of Gauss:

divp = -vdl. 2.6 2.
| awvp=[p-v 26) [m28

The difficulties for this theorem are on how smooth p and 2_ have to be for this equation
to hold. When we get to Sobolev spaces we will see how a clean cut definition seems to
solve the problem. (As usual the devil will be in the details.) If we apply this equality
to a vector field of the form v q and use Leibnitz’s rule to compute the divergence of the

product, we get
Vu-q+uvdivg ——/vq~udF. (2.7) |eq:2.7
/ ( ) r )

In the Partial Differential Equation community (especially among numericians), this for-
mula is often referred to as integration by parts. The reason is simple: in a one dimensional
domain 2_ = (a,b), the divergence theorem (2.6) is Barrow’s rule (the connection between
integration and differentiation)

b
/ W=ﬂ®—fm)

(the minus sign is due to the normal vector), and (2.7) is

/f@+f¢:f@mw—fwmm»

which written in the slightly different way

/abf’ngg\z—/abfg”r

becomes the popular integration by parts formula. We can now take q = Vu in (2.7) to

obtain
Vu-Vu+vAu ——/Ua,,udl—‘, 2.8 eq:2.8
/ ( ) r (2:8)
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which is Green’s First Identity. This formula is the key in the weak understanding of
the Laplacian that is needed to justify much of what is happening in these preliminary
chapters. It is also the bread and butter of Finite Element theorists and practitioners.
If we apply (2.8) to the pairs (u,v) and (v,u) and subtract the result, we obtain Green’s
Second Identity

(vAU — uAv) = [ (v9,u — ud,v)dr. (2.9)
/. I

An intuitive presentation of the Third Identity. Choose now u satisfying Au =0
and v = E4(z,-) with z € Q. Then (2.9) tells us that

/FEd(z,y)&,u(y)dF(y) - /FVyEd(z,y) -v(y)u(y)dl(y) =0, when z € Q.

We can read this formula using potentials: it says that
SO, u—Dy u=0 in Q2.

If z € Q_, the argument is fuzzier. We will admit the following fact (that we will eventually
prove):

- [ ) A Eatay)dy = uta). (2.10)

This is often written using Dirac delta distributions as
—AEd(Z, ) = 5z-
Plugging (2.10) in Green’s Second Identity (2.9), we obtain

/F Ey(z,y)0,u(y)dl'(y) — /F VyEa(z,y) - v(y)u(y)dl'(y) = u(z),  whenze Q..

So far, what we have shown (this is not a proof though) is that if Au =0 in _, then

w, in _,

0, in Q. (2.11)

SO, u—Dy u= {
To figure out what happens on the boundary, we take the jump relations and compute
starting in (2.11)
Y u=7v S0, u—~v Dy u
=V, u— (37 u+Ky u)
which can be rearranged to yield
Vo, u—Ky u= %’y‘u. (2.12)

The collection of (2.11) and (2.12) is what is known as Green’s Third Identity. 1t is often
presented as follows:

u(z), z€_,
/Ed(z,y)é’yu(y)df(y) _/VyEd(ZaY)'V(Y)U(Y)dF(Y) = éU(ZL z € g (2.13)
r r , z iy,
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with the serious warning that the equality in points of the boundary holds only on smooth
points (those with a tangent plane) and that we have assumed that Au = 0 in Q_. We
could have also started with a more general u so that the term Aw stays in the formula,
that is, in the right-hand-side of (2.13) we have to add the term

/ Ea(z,y) Au(y)dy.

A different formulation. Since we care about exterior problems, our next step would
be trying to justify (2.13) for exterior domains. There are two things to take into account:
(a) the normal vector points inwards now, so this will force a change of signs in the formula;
(b) at the very beginning we are using the divergence theorem to move to the boundary,
but we have to pay attention to behavior at infinity to be sure that the integration by
parts process is meaningful. Instead, we are going to take a different approach by stating
(not proving or arguing) a Green’s Third Identity in space. (There will be some keys to
readjust in the two dimensional case.) Let then u satisfy

Au=0 inR*\T, u=0O(r"1) at infinity. (2.14)
If w is smooth enough (conditions will have to wait to Chapter ??), then
u = S[0,u] — D[yu]. (2.15a)
Using the jump relations of potentials, it follows that on the boundary

{rul} = V[o,u] — K[yu], (2.15b)
{o,u} = K0, u] + W]yu]. (2.15¢)

Green’s Third Identity is the collection of all equations (2.15) or just the representation
formula (2.15a), which implies the other two identities.

Green’s Third Identity for exterior domains. Consider now u such that
Au=0 1in Qy, u=O(r"') at infinity,

where we are again in the three dimensional case. Let us extend u by zero to the interior
domain, while keeping the same name. Then [yu] = —vTu, [0,u] = —0;u, and the
representation formula (2.15a) says now

_ + +, — u, in Q+7
SO, u" +DyTu = { 0. in Q.. (2.16a)
On the boundary, we now have the identities
syut = =Voju+Kytu, (2.16b)
10 u=-K'9fu—Wrtu (2.16¢)
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A two dimensional version of Green’s Third Identity. Assume now that
Au=0 inR*\T, u=a+O(r ") at infinity.

Then
/foudf =0. (2.17)
r

Note that in any dimension
/ 0, udl' = Au =0,
r Q.

by the divergence theorem. Therefore, now we have

/ [0, u]dT" = 0.
r
The representation formula is now
u = S[o,u] — D[yu] + a,
and the corresponding integral identities follow from the jump relations

{yu} = V]ou] — K[yu] + a,
{o,u}}y = K'[0,u] + W[yu].

All the other arguments for the three dimensional case still apply.

2.3 A direct boundary integral equation

A direct method. Let us go back to the exterior Dirichlet problem in three dimensions:

Au =0 in Q, (2.18a)
vru = By (on I'), (2.18Db)
u=0(r"") as r — 00. (2.18¢)

In Section 1.2 we explored a single layer potential based formulation
u = 9n, where Vn = Bp.

In this formulation 7 is just an unknown density, with not much relation to the problem
at hand, apart from being able to deliver the solution via an integral representation. This
kind of boundary integral formulation, where we propose an integral representation and
derive an associated boundary integral equation is called an indirect method. Instead we
can do the following. First let us name the Cauchy data

¢ :=7"u, A= 0l u. (2.19a)
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Next, we use Green’s identity as the potential representation:
u =Dy —SA. (2.19Db)

Finally, we look at the exterior trace of this latter representation and impose the known

boundary value:
Jo=Ke-VXA o=/ (2.19¢)

Equation (2.19¢) can be reorganized to look
VA= —5p+Kp=(—31+K)p, o=p, (2.20)

where we have now introduced an identity operator I. We are going to keep this slightly
illogical notation of keeping two names for what is the same quantity ¢ = ;. This
will allow us to later unify some formulas but, even more importantly, we are going to
consider the possibility of discretizing data, so that ¢ will end up being an approximation
to [y. There are two novelties in (2.20). First of all, the data (or a copy/approximation
of the data) appear under the action of an integral operator in the right-hand-side of
the equation. This is obviously more work for us to code. Secondly, A is now a physical
variable (A = 9} u), which might have its own interest, independently of the integral
representation that yields the solution of the exterior Dirichlet problem. A formulation
based on Green’s formula, using partial Cauchy data as unknowns, is called a direct
method.

Discretization. In principle, we could address the discretization of (2.20) in exactly
the same form that we used in Section 1.3. We start with a partition of I' in elements
{T'1,..., 'y}, consider the space X}, of piecewise constant functions and discretize, either
with a Galerkin method

1
Moe X, /,uh(VAh)dF — —5/
r

p" Bodl + / p'(KBo)dl  Vu" € X,
I I

or with a collocation method
1
e X, (VA")(x:) = _§ﬁ0<xi> + (Kbo)(x;)  i=1,...,N.

In both cases the matrix is the same as in the indirect formulation. What changes is the
right-hand-side, that now incorporates the need to evaluate an integral operator.

Further discretization. It is common in some communities to address the discretiza-
tion of all the integral operators as if they were acting on discrete quantities, and then
project or interpolate data onto the discrete spaces. We are going to explore this idea
briefly now. To explain better what we want to do, we need to restrict to a more partic-
ular case. We assume [' to be a polyhedron that has been partitioned into N triangles
{T1,...,Tx}. We can then consider the usual space X}, and the space

Yh = {wh € C(F) . ¢h|Tj € ,Pl(T‘]) Vj}
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Since the elements T are flat pieces of a surface, the meaning of the space P;(7}) is not
complicated: it is just the space of polynomials of two variables and degree up to one,
written in tangential coordinates. In other words, if 7} is a triangle with vertices vz for
¢ =1{1,2,3}, then ' ‘ A A A

6,(5.1) = Vi + s(v} = vi) + t(v} = V)

can be chosen as a parametrization of T; from the reference element
T={(s,t) : s,t>0,s+t<1}.

Then R
Pu(T;) ={p:T; = R : pog; € Pi(I)}.
This process of sending a space from a reference element to each physical element is called
pushing forward. A basis for Y}, is easy to construct. Let {vy,..., vy} be a numbering of
all vertices of the triangulation. To each vertex v; we can associated a function ¢; € Y},
satisfying
Vi (vi) = 0y

This is a simple basis of Y,,. We can then discretize (2.20) in the following way. We first
construct

O"eY,  o"(vi)=PFo(vi) i=1,..., M, (2.21a)
which gives the explicit representation
M
" =" Bo(v)y.
j=1

We then look for \* € X}, satisfying

1
MNe X, / p(VAR) AT = -3 / plphdl + / p"(KeMdl v € X, (2.21Db)
r r r

There are three matrices involved in this discretization process. The first one is the
Galerkin matrix (1.19) associated to the operator V, namely

Vij Z/in(ij)dFZ/E /Tj mdF(X)dF(Y)-

The second matrix is rectangular N x M with elements
31T i T C Ey,
/ Xitydl = / Vi = { otherwise,

Ej = U{Fg 1V € Fg}

is the patch of triangles sharing v; as a vertex. The third matrix is

Ky = [atupar= [ [ CE Dy areoary).
1

3

where



The global system is then

N M
D Vishi =D (=M + Kij)Bo(v;).
P =1

The matrix M;; is very sparse, containing a very reduced number of elements in each row.
The matrix Kj;; is full once again, although not as full as the matrix V;;, in this case if 7T}
and Z; are contained in the same face of I', the element K; vanishes.

2.4 An equation of the second kind

For reasons that we will explore in the exercise list, in order to use a double layer potential
representation of the solution of the Dirichlet problem, it is convenient to think first of
the interior problem:

Au =10 in Q_, (2.22a)
v u = By (on I). (2.22b)

If we represent the solution with a double layer potential
u = D, (2.23a)
for a density to be determined, the problem is equivalent to the integral equation
— 1+ Kp = fo. (2.23b)

Equation (2.23b) is an example of an integral equation of the second kind. An integral
equation of the second kind is an equation of the form f 4+ Ff = g, where F is an integral
operator. (It is clear that we can modify (2.23b) to have exacly this form.) Note that
once functional analysis is thrown on the collection of integral equations that we will be
dealing with, some equations will be considered of the second kind only in a formal sense,
depending on the properties of the integral operator F. The concept of equation of the
second kind is opposed to the concept of equation of the first kind, which is any integral
equation of the form Ff = g. We have seen this kind of equation before.

The origin of it all. The problem of existence of solution to the Dirichlet problem
for the Laplace equation was one that bugged mathematicians for many decades. This
was way before the arrival of weak derivatives, distributions, Sobolev spaces, and a wide
array of modern mathematical techniques that redefined the question before answering it.
Gauss had the idea of looking for solutions in the form of a double layer potential. With
that he was ensuring that the Laplace equation was being solved, but then existence of
solution was transferred to existence of solution to the integral equation (2.23b). This
ended up being quite a difficult problem for general domains. The theory of integral
equations of the second kind sparked new definitions (Hilbert space, compact operator)
and general theorems (the Fredholm alternative). We will inevitably meet many of these
concepts as we proceed in this course.
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The double layer operator. Let us write equation (2.23b) explicitly

—%@b(x)*/F%@b(Y)dr(Y) =f(x), xel. (2.24)

The equation is only imposed on smooth points of the boundary. Consider now the
function
(x—y)-v(y)

x —y/?
If T is smooth enough, this function is continuous, and even smooth. Note that (2.24)
can be written as

Sl /D %, y)0()dT(y) = fo(x)  VxeT

D(x,y) :=

in the two dimensional case, and

D(x,y)

L Anfx — y‘iﬂ(}’)dr(}’) = fo(x) vx el

1
— X +
S0
in the three dimensional case. We will do some additional work for the first of the two
equations. It can be seen that the integral operator in the three dimensional case looks
like a smooth non-symmetric variant of the single layer operator.

A Nystrom method. Let us focus then in (2.23) for the case of a smooth two dimen-
sional boundary. We equip ourselves with a quadrature formula on I':

/gb )dl'(y Zu}jgb Vi) (2.25) |eq:2.25

We then approximate the integral equation (2.23b) using the quadrature formula to ap-
proximate the integral sign:

—%?ﬁh Z (x ‘Xyi - |2(Yj)wh(yj) = fo(x)  Vxel. (2.26) [eq:2.26

We then collocate (evaluate) (2.26) on the points x = y;. If we rename 1; := " (y;), we
then show that any solution of (2.26) solves

1 Ny —ys) .
¥t 2 ;]r ! \in)y-Tgyj) ¥5 = foly). (2.27)
i J

j=1

This is an IV x N system of linear equations that will, we hope, determine the values ;.
Once we have them, we can revert (2.26) to define

N
H(x) = —260(x +Z°:TJ X ;) |2< iy, wxerl. (2.28)

|X_YJ
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This is a reconstruction formula that defines " : I' — R from its point values. In
summary, if ¥ satisfies (2.26), then its point values satisfy (2.27). Reciprocally, if the
values (1, ...,9y) satisfy (2.27) and we define 1" with (2.28), then ¢"(y;) = ¢; and ¢"
satisfies (2.26). This is called a Nystrém or quadrature method. We remark that diagonal
elements of the matrix in (2.27) need to be evaluated using a limit argument. We will
show explicit formulas in one project below, for the particular case of parametrizable
curves.

Recovering the potential. Once we have computed " we have two options for the
potential. We can use u" = D", that is

u'(z) = —Q/Fwﬁo(}’)dr(}’)

27|z —y|?
wj z—y) vy (y—y;) vy
+Z wj/r rlz—yl*  ly -yl T

or we can take advantage of the quadrature formula again (2.25) to propose another
approximation

uh<z) _ ij( y]) ( ) ¢]

= 2z -yl

2.5 Literature, exercises, and working projects

1. (Section 1 — Needs analysis) Show that for any ¢ € L!(T"), Dy € C>(R?\I') and that
Au =0in R*\T. (Hint. You can apply Exercise 1.3 to the functions 9, Fy(x,y)
with densities nv;, where v = (14, ..., v4).)

2. (Section 1) The fundamental solution for the Helmholtz operator u +— Au + w?u is

Eix.y) = { f{ yg wix—y)), (d=2),

2
(d 3)?

47T\X—y|

where w > 0 is the frequency or wave number. Find V, E4(x,y). Note that the two
dimensional case uses one of the Hankel functions of the first kind.

3. (Section 1) Show that

(DV)(a) = T2 + Ol ). where o= L / () (y)dr(y).

2417
4. (Section 1) Let u = Sn — D). Give formulas for
viu, o Gpu. bl [ow], foud, {0l

5. (Section 1) Let us take a point x¢ € ©2_, and consider the function u(x) = 1/|x—xq|.
Show that it is not possible to represent u as a double layer potential in 2.
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10.

(Section 3) Give a direct boundary integral formulation based on Green’s identity
for the interior Dirichlet problem.

(Section 3) The exterior Dirichlet-to-Neumann operator. Consider the opera-
tor that given 3, solves the exterior Dirichlet problem (2.18) and outputs DtNT 3, :=
otu.

(a) Using (2.19)-(2.20) show that DtN* = V=!(—LI + K).

(b) Using now an indirect method, representing the solution of (2.18) in the form
u = Sn, solve for n and then compute 9 u with help of the jump relations.
Show that DtN* = (=3I + K')V~L

(c) Use (a) and (b) to prove that KV = VK.

(Section 3) Following the ideas of the previous exercise, find two formulas for the
interior Dirichlet-to-Neumann operator.

(Section 3) Double layer potential and Dirichlet problem. In the two dimen-
sional case, to solve

Au=0 1in €, ytu = fo, U=tx+O0(r),

we try with a representation

u = DY + U, where /¢dF:0.
r

Give a reason for the last condition. Write down the associated integral equation.

(Section 3) Double layer potential and Dirichlet problem. In the three di-
mensional case, to solve

Au=0 in Q,, v u = B, u= 0"

where u., is unknown, we try with a representation

1

- |z — x|

u= D¢+ cP, where /ﬂ)df =0, and ®(z) Xo € _.
r

Give a reason for the condition on v and for the need to include the monopole .
Write down the associated integral equation.
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Project # 2.1 — A Nystrom method (coding)

Statement of the problem. This project can be considered as a continuation of
Project # 1.1. We are looking for a numerical solution of the interior Dirichlet prob-

lem for the Laplacian
Au=0 1in Q_, Y u = By,

where I" can be parametrized using a 1-periodic function x : R — R? with the properties
x(t+1)=x(t) WVt Ix'(t)| #0 Vt, x(t) £x(r) t—1¢&Z.

The double layer representation and integral equation (2.23) will be given parametric
forms using

Bo(t) = Bo(x(1)),  ¥(t) = (x(1)),
and a non-unit normal vector field

X/ (1) = (w5(t), —2i (1)),

assuming that the parametrization is positively oriented. The form of the potential is

then ) L
) = [ D i,

and the integral equation is

Lo [TEO X)X
2¢(t) /O 27T|X(t) —X(T)|2 ¢( )d 60(75) Vt.

Show that
lim (x(t) —x(r)) - x'()* _ x"(r) - x'(1)*
t—-r  2m|x(t) — x(7)|? Al ()P

A Nystrom approximation. We then substitute integrals by composite trapezoidal
approximations

N-1

[ ot % ¢(tj):%(%¢(to)+z¢(tj)+%¢(w)) = J/N.

J=1

(Recall that we are dealing with periodic functions.) Using this quadrature formula for the
integral equation and the potential representation, it is simple to obtain a fully discrete
approximation u™¥(z) for any z € Q_. Check errors |u” (z) — u(z)] for different geometries
and exact solutions. You will see that the method converges extraordinarily fast.
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Organization. One of the nices features of this simple method is the fact that all
geometric information is contained in the quantities

and that the right-hand-side involves the evaluations of fy(x(t;)) = Bo(m;).
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Project # 2.2 — A Galerkin direct method (coding)

General setting. This project is a continuation of Project # 1.2. Our goal is to code
the Galerkin equations for a formulation similar to what is given in Section 2.3, in the
two dimensional case. Let then I' be a closed polygonal curve in the plane, discretized in

elements {T1,...,Ty}. To solve the exterior Dirichlet problem
Au =0 in 2,
ytu = fy (on T),
U= U+ O(r™) as r — oo,

we use a direct formulation (Green’s third identity) to represent the solution

t =Dy — S\ + Use, © = Bo, A= 0% u,

v

and derive an integral equation from one of Green’s identities:

VA — ue = —30 + Ko, /)\dF:O.
r

Handling the discretization. We consider the two following discrete spaces:

X, = {)\h I'—>R: )\h|Ti S P()(E) VZ},

Yh = {QOh € C(F) . (,Oh T; S Pl(ﬂ) \V/’L}
The basis functions for X, are the characteristic functions of the elements: {x1,...,xn}-
There are N nodes, which are numbered in a separate way {vi,..., vy}, and they give

rise to functions

The discrete equations. The Galerkin equations are

D Vihi — Tl =5 ) Miye;+) Kiyey, Vi, Y |TjA =0
j J J

J

(see Chapter 1 and in particular Project # 1.1). The computation of V;; and the way of
storing geometric information is explained in Project # 1.1.

Assembly in Y,. We now explain how to compute integrals of the following form
L= [00)omiry)  j=1. (2.29)
r
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Assume that for the element T} = [Vele(r,1), Vele(r,2)] We can find a function ¢, such that

o € P1(Ly), be(Vele(e,)) = 1, De(Vele(e,2)) = 0,

and that we have computed the quantities

| oy)oy)dr(y) Y= |61 = o)),

The assembly process is a loop that after initializing I; = 0 for all j, computes

Lere(j1y = Lete(jn) + IJ(I), Lae(i2) = Laej2) + I]@), j=1,...,N.

This process transfers computations done at the element level, and numbered with element
indices, to computations on the entire boundary, counted by vertices.

Applications. Since
[ are) = [ 0= ouyparey) = s
it is easy to compute now

My = [ o) = [, Vi

To compute the matrix related to the double layer operator, we approximate

Ky = [ [ e )

@(/F (gi —y)-v(y) Li(y)dT(y) + <g; _E,) V() %’(Y)dFO’)),

2 2rlg — y|? 2r|g; — y|?

where the two Gaussian points on the element T; are defined in Project # 1.2. The above
integrals can be computed exactly (see what follows), after some element-by-element
computations and assembly process.

An exact computation. Let e = [v,w] be a segment, let z € R?, and let

=|w—v|, n:=(z—v)- n,
t::%( - V), a:=—(z—v)-t,

=t = (ty, —11), f=a+l=—(z—w)-t.
Let also ¢ € Py(e) satisty ¢(v) =1, ¢(w) = 0. Then

/e(Z |—Zy_) y’l/Q(Y) [ 1?%’8}}) } dl'(y) = % (arctan <§> — arctan (%)) { _ﬁa }
—l—ﬁlog% { -1 }
20 + « 1
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sec:3.1
eq:3.1

Chapter 3
The Calderéon Calculus

In this chapter we repeat the presentation of the two layer potentials and four integral
operators associated to the Laplace equation and give arguments for some of their prop-
erties. The point of view is to ignore what the potentials are, and try to work with them
for what properties they satisfy. The presentation is not fully rigorous (function spaces
are still missing), but the arguments that we show here will be the ones used in the rig-
orous proofs in forthcoming chapters. In order to prepare the mindset for this chapter,
let us mention that all the presentation hinges on two important results, with the minor
intrusion of an energy concept:

e We will assume that a certain transmission problem in free space has a unique
solution. We will use it to define the potentials and their associated boundary
integral operators.

e We will assume an integration by parts formula, which we will use to show some
symmetries of the integral operators, as well as some positivity results.

e Finally, we will have a look at the concept of energy that is associated to the
integration by parts formula. This concept will deliver the energy-free solutions
that create some uniqueness issues.

3.1 Layer potentials and transmission problems

The transmission problem. Let us assume that for given n,¢ : I' — R, the problem

Au=0 in RT\ T, (3.1a)
[yu] = (on I), (3.1b)
[O,u] =n (on T, (3.1¢)

w=O(r"")  at infinity, (3.1d)

admits a unique solution. This fact includes the additional hypothesis of data

[nar=o0  whend—2 (3.2)

r
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The solution of (3.1) with ¢ = 0 is denoted u = Sn. The solution of (3.1) with n =0 is
denoted u = D). Because of the superposition principle (all operators in (3.1) are linear
and we are assuming existence and uniqueness of solution), we can write the solution to
(3.1) as

u = Sn — D).

Let us briefly repeat these definitions step by step.

Given 7 satisfying (3.2), the single layer potential u = Sn is the solution to:

Au=0 in R\ T, (3.3a)
[yu] =0 (on T, (3.3b)
[O,u] =n (on T, (3.3¢)
u=0(r1) at infinity, (3.3d)

Given 1, the double layer potential u = D is the solution to:

Au=0 in R4\ T, (3.4a)
wl=-¢ (D), (3.4b)
[O,u] =0 (on T, (3.4¢)
u=0(r1) at infinity, (3.4d)

Energy-free solutions. The energy associated to a function is the quantity

E(u) := %/Rd\I‘ |Vul?,

If BE(u) =0 and v = O(r~!) at infinity, then it is clear that u € span{yqn_}. These
functions are the energy free solutions of the problem. They are related to the layer
potentials in the following way. It is clear that Ayq_ = 0 in R?\ T, that [xq_] =1 and
[v0uxa_] = 0. Therefore

D1 = —xq._. (3.5)

Jumps. By definition of the layer potentials through problem (3.1), it follows that

[vSnl =0,  [&Sn]=n,  [vDy]=—¢,  [3.Dy]=0.

We can write these identities in operator form:

[[[[gu.-]]]]}[_])s]:{(l)?}:ﬂ- (3.6) [eq:5.6]
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Averages. The four boundary integral operators are defined as averages of side values
of the layer potentials:

Vi ={~Sn} = ~"Sn,
Ky ={yDy},
K'n =:{0,5n},
Wi =: — {0,Dy} = —05Dap.

Mimicking (3.6), we can write

Lo s ] o7

understading now that these equalities are the definitions of the operators on the right-
hand-side. From (3.6) and (3.7), it is also clear that

+ +
9,8 =FiI+ K, 7D = +i14+ K.

The representation theorem. Let u satisfy
Au=0 inRI\T, u=0O(r™") at infinity. (3.8)

Then
u = S[0,u] — D[yu]. (3.9)

The reason for this to hold is really simple: let n := [0,u] and ¢ := [yu]. Clearly u and
Sn — D) are solutions to (3.1); therefore, they are equal. Implicit to this argument is the
fact that if u satisfies (3.8) and we are in two dimensions, then [,[0,u]dI" = 0.

3.2 The exterior Calderén projector

Representation theorem for exterior solutions. Let

Au=0 in Qy, uw=0O(r"") at infinity. (3.10)
We then extend u by zero to {2_:
~  J u inQy,
U= { 0 inQ (3.11)

and apply the representation formula (3.9) to u:
u = S[0,u] — D[yu] = —Sd,u + Dyt w. (3.12)
We can rephrase this formula forgetting about the extended function u, by simply writing

w in g,

Dw*u—S@ju:{ 0 in QO
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Integral identities. There are different ways of reaching the two integral identities
associated to the limiting values of an exterior solution of the Laplace equation (3.10).
We can think in terms of the extended function (3.12) to obtain the identities

ru={rul} =-Vofu+Kyty,
s0fu ={0,u} = —K'0fu — WryTu.
These equalities follow from (3.12) and the definition of the integral operators as averages

(3.7). Also, we can start with the identity « = Dy*u — SO u, valid in Q. , take exterior
values from both sides, and show that

Yru=9"Dytu — S0 u = v u+ KyTu — VoS u

Ofu=09 Dy u— 080 u=—-WryTu+ 30 u—K'9}u.
For easy reference, let us write the formulas again, after changing some signs:

Vofu+ (31— K)ytu = 0. (3.13a)
(314 K"O u+ Wrytu = 0. (3.13Db)

The Calderén projector. We next use the formula

PRSI IR Y

together with (3.6) and (3.7) to show that

+

J+K =V
{g;][D —S]:%H—]D):[Q_W lI—Kt}’ (3.14)

2

where we have changed signs in front of single and double layer potentials due to the
change difference between the representation formula for transmission problems (3.9) and
for exterior problems (3.12). The matrix of operators

1 _
I+ K \% 1 (3.15)

C+:_[ ~W K

2

will be called the exterior Calderdn projector, for reasons that we will next see.

The Calderén projector is a projector. We have already seen that if u is an exterior
solution of the Laplacian (3.10), then

c. | Ve | | T
Tlotu | | Ofu |-
This means that elements of the set

C:={(vtu,0 u) : u satisfies (3.10)}, (3.16)
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i.e., Cauchy data of solutions of the exterior Laplace equation, are fixed points of C,.
Reciprocally, if
; } { ; ]
C = ,
* { Ui 1

we can define u = D¢ — S, which is a solution of (3.10) and note that

XTI I e _ V| (UM
e =[]0 =15 [V -10)
which shows that the fixed points of C, are the elements of C. We can think of this

in a slightly different way: we start with general densities (¢,7), define the potential
u = D1 — Sn and note that

e o]-x]m s1[]- 1) 3] -ee[5)

The reader should by now be convinced that we have shown the following two properties:
C2 =C; and rangeC, = {(y"u, 9] u) : u satisfies (3.10)}, (3.17)

or in words, C, is a projection onto the space of Cauchy data of exterior solutions of the
Laplace equation.

Some identities between the operators. We are now going to exploit the projection
property of C,. To do this, just note that

— M-D+D*=iI-D

— D=1l

or in expanded form,

K24+ VW  —KV+VK' | 1110 (3.18)
—~WK+KW WV+(KH)? | 4|0 T |’ '
This matrix equality can also be written as a collection of four identities:
VW =1-K? WV =1— (K, (3.19a)
KV = VK, WK = K'W. (3.19b)

Some readers might recognize one of these formulas from the exercise list in Chapter 2.
We got to it from apparently different arguments.
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3.3 The integration by parts formula

Notation. In order to avoid an excess of integral signs (and in preview of some inner
product style notation for duality products), we will write for functions u,v and vector
fields p, q (all of them defined on a domain §2)

(wooi= [wr, (b= [ poa

lull§ = (w,u)e,  lIpll§ = (P, P)o-

For functions defined on I', we denote

We will also shorten

(0, d)r == /F néar.

Even if at the present time, this latter integral symbol is just the L?*(T') inner product,
whenever we find an expression of the kind (0, u, yv)r, which later on will be made corre-
spond to a duality product, we will always place normal derivatives in the first variable.

Around Green’s First Identity. The integration by parts formula we will consider is
a variant of Green’s First Identity, written simultaneously for the domains €2, : if
Au=0 inRI\T and u=O(r ') at infinity, (3.20)

then
(Vu, Vo)gar = (9, u, 7" v)r — (0 u, v v)r. (3.21)

Note how this is formula (2.8) especialized to a harmonic function u, applied in Q.. The
reason for the negative sign in the term coming from the exterior lies on the sign of the
normal vector field, which is pointing inwards from the point of view of Q2,. Very simple
algebra allows us to write

(Vu, Vo)gar = ([0ou], v~ 0)r + (9 u, [yv])r. (3.22)
If we now aply (3.22) to two functions satisfying (3.20), we obtain

([0uu], v~ v)r + (07w, [yo])r = (Vu, Vo)gar = ([0.0], 7 w)r + (9 v, [yu)r.  (3.23)

Symmetry and positivity of V. Apply now (3.23) to u = Sp and v = Su. Then

(n, Viyr = ([0uu], yv)r = (Vu, Vu)gar = ([0,0], yu)r = (i, V),

which, in formal notation for transposition with respect to the (-,-)p bracket, can be
shortened as V! = V. Moreover, if n # 0,

(n, Vi) = [|Vul[gap > 0, (3.24)

since the only energy-free solution of the Laplace equation (see Section 3.1) cannot be
represented as a single layer potential, because it has to jump across I'.
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Symmetry and positivity of W. Applying (3.23) to u = D¢ and v = D¢, we obtain

(W, @)r = (=0,u, =[yv])r = (Vu, Vo)par = (=00, =[yul)r = (Wo, ¥)r,

or Wt = W. The positivity result is not as strong as in the case of the operator V. If
u = D1, then

(Wb, ¥)r = [[Vullgap > 0. (3.25)
The gradient is equal to zero only if u is a multiple of yo_ = —D1, that is, only when ¢ €

Po(T'). Note that both (3.24) and (3.25) will be strenghthened to coercivity inequalities
in its due time.

An orthogonality result. Take finally u = Sy and v = D) in (3.23). Then
([0vul, vy~ v)r + (05w, [yol)r = (Vu, Vo)gar = 0.

This proves that single and double layer potentials are orthogonal with respect to the
semi-inner product (V-,V-)ga\p. Moreover, we can write this equality in terms of the
densities as

(n. =3¢ + Ko)r + (50 + K'n, =¢)r =0,
which is equivalent to

(n, Ke)yr = (K'n,¥)r,

and thus justifies the notation chosen for K!. It is important to emphasize that the three
transposition properties we have displayed are given using just this formal definitions
of the potentials as solutions of transmission problems. Two of them (the symmetry of
V and the fact that K’ is the transpose of K) could be seen directly from the integral
definitions of these operators.

3.4 Literature, exercises, and working projects
1. (Section 1) Show that

W1=0 and Kl=-—

D=

2. (Section 2) Show that the kernel of the matrix of operators

Vo gI-K
I+ KW

is the space {(9}u,v u) : Au=01in Q,,u = O(r~!) at infinity}.

3. (Section 2) The interior Calderén projector. Let

c_::{g:][—D s].

v
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Identify the elements of C_, show that
C+ ‘|— C, - I[

and conclude that C_ and C, are complementary projections. What is the range
of C_7

. (Section 2) Combined field operators. Consider the followin combined field
potential:
u:=(S+cD)n,

where ¢ € R. What are the values of v u and 9 u?

. (Section 2) Burton-Miller type equation. Let (5y,01) = (yv,0,v) be the
Cauchy data on I' of a solution of Av = 0 in a neighborhood of Q_. (This im-
plies that Av = 0 in Q_ and that the interior and exterior limits of v coincide.) Let
u satisfy

Au=0 1in Q,, Yru+ By =0, uw=0O(r"") at infinity.
Show that for any constant ¢ # 0
(V+c(GI+ K)o u=—((-214+K) — cW)5,.

Show that
(V+ C(%I +K") (8 + B1) = Bo + b

. (Section 3) Show that KV and WK are formally symmetric.
. (Section 3) Consider the matrix of operators

Vv -l1-K
— 2
M, {§1+K W }

Show that it is formally positive semidefinite and that its kernel is {0} x Po(I"). If
u is an exterior solution of the Laplacian, find what

Gju}

[ 20

is.
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Project # 3.1 — Linear elasticity

The basic concepts. In linear elasticity the main unknown is the displacement field
u. Associated to it we have strain

cluw) = 3Du+ (Dw)7)  eytw = (54 57

83:j 31‘2
and stress
o(u) = 2ue(u) + A(divu)l, oij(u) = 2pue;;(u) + A(divu)dy;.

The constants A, u are assumed to be positive. Instead of the normal derivative, we
consider the normal stress (or traction) as a boundary relevant quantity o (u)v. The
Navier-Lamé equation in absence of volumetric forces is

dive(u) = 0.
The energy function is

(o), e(w)o =D (05(u),e5(u))a = 2u(e(u), e(u))o + Al|divalfg.
ij=14
Potentials. We assume that the transmission problem
dive(u) =0 in R\ T,
[yu] = (on I'),

[o(wv] =n (on ),
u=0(>r"1) at infinity,

is uniquely solvable, with the additional restriction
/nszO when d = 2.
r

Potentials and operators are defined using the same strategy as in the case of the Laplace
equation. The associated energy-free solutions are of the form

Xo_m, m € My,

where the space of rigid motions depends on the space dimension. Its elements are

aq O—b I . o
]l [n] e

aq O b1 —b2 T
ag + bl 0 b3 T2 > if d = 3.
as b2 —bg 0 xT3
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Integration by parts. If divo(u) =0 in R?\ T and u = O(r!) at infinity, then

(o (u),e(v))rarr = (o(u) v, 7" v)r = (o) v,y V)r.

Going step by step, derive the entire Calderéon Calculus for the homogeneous isotropic
linear elasticity operator.

49



Contents

1 The single layer potential for the Laplacian
1.1 Exterior solutions of the Laplace equation . . . . . ... .. ... .....
1.2 The single layer potential in three dimensions . . . . . . ... ... . ...
1.3 Some numerical methods . . . . . . . ... ... Lo
1.4 The two dimensional case . . . . . . . . .. .. L
1.5 Lipschitz domains (*) . . . . .. ... Lo L
1.6 Literature, exercises and working projects . . . . . . . ... ... .. ...

2 Green’s representation formula
2.1 The double layer potential . . . . . . . . .. ... ... ... ... ...
2.2 Green’s Third Identity . . . . . . . . . .. L
2.3 A direct boundary integral equation . . . . . .. .. ... oL
2.4 An equation of the second kind . . . . ... ..o
2.5 Literature, exercises, and working projects . . . . . . . ... ... ...

3 The Calderon Calculus
3.1 Layer potentials and transmission problems . . . . . ... ... ... ...
3.2 The exterior Calderén projector . . . . . . . . . .. ... ...
3.3 The integration by parts formula . . . . . ... ...
3.4 Literature, exercises, and working projects . . . . . . . ... .. ... ...

50

23
23
26
29
32
34



