Classification of PDE. Method of characteristics
The wave equation

The heat equation

Potential theory

Partial differential equations

Carles Batlle

Departament de Matematiques

Universitat Politecnica de Catalunya — BarcelonaTech

Métodes Matematics 2 Grau en Enginyeria Fisica



Summary

Most equations in physics deal with quantities which depend on
several space, or space-time, coordinates, and hence contain partial
derivatives, and they satisfy partial derivatives equations (PDE).

In spite of being more complex than ODE, many of the ideas of
the previous lecture, like those related to self-adjoint operators and
their spectrum, completeness of eigenfunctions, or Green functions,
can still be discussed for PDE.

In this lecture we will study the three basic kinds of second order
lineal PDE, mainly in two variables : the wave equation in 1 4 1,
the heat equation in 1 4 1 and the potential (or Laplace-Poisson)
equation in 2 dimensions, extending the presentation to a higher

number of independent variables when appropriate. We will also

present the method of characteristics for linear first order PDE.

Métodes Matematics 2 Grau en Enginyeria Fisica



Classification of PDE. Method of characteristics
The wave equation

The heat equation

Potential theory

References

[ M. Stone & P. Goldbart, Mathematics for Physics, Cambridge
University Press, 2009. ISBN: 978-0-521-85403-0. Chapter 6.

[ I. Stakgold & M. Holst, Green's Functions and Boundary Value
Problems, 3rd edition, Wiley, 2011. ISBN: 978-0-470-60970-5.

[@ Y. Pinchover i J. Rubinstein, An Introduction to Partial
Ditferential Equations, Cambridge University Press, 2005.
ISBN: 978-0-521-61323-1.

Métodes Matematics 2 Grau en Enginyeria Fisica



Classification of PDE. Method of characteristics Definitions. Characteristics of a linear PDE

Classification of second order linear PDE
The method of characteristics

Definitions. Characteristics of a linear PDE

o Let ¢(z) be a function of d variables, z = (1, ...,24) € R%.
One of the variables can be the time ¢, but not necessarily.
@ We will denote the partial derivatives of ¢ as

o¢ ¢ 2
aixu - 8ﬂ¢7 8%‘# 833,, - a,uyd’
and so on. Sometimes the notations ¢, ¢,, are also used.
@ A PDE of order n for ¢ is an equation involving partial
derivatives of ¢, with the highest one being of order n.
@ For instance, for d = 3,
P 26 99

— = Q0 — — ¢:$1COS$2
8%181‘281‘3 895% 61’2

is a PDE of third order. It is nonlinear due to the ¢>3§2¢ term.
1
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@ We will only consider PDE of order one and two, and mostly
for d = 2, and we will deal only with linear equations.
@ The most general first order linear PDE for d =2 is

Zau )0 + b(x)e = c(x).

° Likewise for second order,

ZZGMV a 8V¢+Za/p u¢+b( )¢ C(.%‘)

p=1v=1

@ The principal part of a PDE is the part containing the higher
order derivatives. For the above PDE they are

Z )0, ZZaW )0, 000,

pn=1 p=1lv=1
respectively.
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The general solution of an ordinary differential equation of
order n contains n arbitrary constants. For PDE, one has
instead arbitrary functions.

To see this, consider the second order PDE for ¢(x,y)

0%¢ B
ordy

It is obvious that

o(x,y) = o1(x) + w2(y),

for any differentiable but otherwise arbitrary functions @1, (o,
is a solution.
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@ As a less trivial case, consider

% 99 _,

or Oy
@ If we perform the change of variables z =z 4+ y, w = x we
obtaiNn, using the chain rule, 9, = 0, + 81”' Oy = 0.
@ Let ¢ be the function of z, w such that ¢(z,w) = ¢(z,y).
Noticing that 0, — 9y = 0, the PDE becomes

% _
ow
with trivial solution ¢(z,w) = w + ¢(2), ¢ arbitrary.
@ Finally, in terms of the original variables,
¢(z,y) =2+ ¢(z +y).

One can check that this is indeed a solution of the PDE (do
it!).

L,

Métodes Matematics 2 Grau en Enginyeria Fisica



Classification of PDE. Method of characteristics Definitions. Characteristics of a linear PDE

Classification of second order linear PDE
The method of characteristics

How can these arbitrary functions be determined? For ODE
we know that one needs a number of initial conditions at a
given point (or boundary conditions at several points).
However, it may happen that not all the points are suitable to
provide these conditions.

As an example, consider the first order ODE for y(x)

a(z)y'(z) + b(x)y = c(x),

with initial condition y(z¢) = yo.
One knows the value of y at x = xg and using the ODE one
tries to extend the knowledge of y to an open set around xy.

Suppose that we want to compute y(xo + €) for small €.
Using a first order Taylor expansion one has

y(zo +€) = y(wo) + e (z0) + O(€?).
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e We know that y(xg) = yo and, since y(x) must be a solution
of the ODE,

/ ~c(x) — b(zo)y(xo) (o) — b(x0)y0
y{wo) = a(zo) a a(zo) '

e Finally, to first order in ¢,

c(zo) — b(wo)yo
a(o)

yo(r +€) = yo +

and the approximation can be made as good as desired for €
sufficiently small.

@ Once we have yo(z + €) we can compute
y(xo + 2¢) = y(zo + € + €) using
y(zo + €+ ¢€) = y(zo + €) + ey (z0 + €)

and so on (do it!).
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But what if a(zg) = 0?7 Obviously our procedure is dead from
the start, but any other way to solve the ODE will also run
into problems and, in fact, one cannot ensure the existence or
uniqueness of solutions in this case.

As a more complex example, consider the second order ODE
p2(2)y” +p1(2)y + po(x)y = f(),
with initial conditions at x = a given by y(a), ¥'(a).

We can compute an approximate value of the solution at © = a + € using a
Taylor expansion at first order,

y(a+e) =y(a) + ey (a).

This is actually independent of the second order ODE, but if want to repeat the
procedure to get a value of y at z = a + 2¢,

yla+2¢) =yla+e) +ey'(a+te)

we will need y’(a + €), and here is where the specific ODE must be used.
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We can apply the same strategy to compute y'(a + €),
y'(a+e) =y'(a) +ey’(a)

The initial conditions do not include y”’(a), but we can use the ODE to
compute its value for a point on the solution curve y(z),

V(@) = — (@) = (@) (@) = pofa)y(a),

where we assumed that pa(a) # 0.

By repeating this scheme we can obtain the solution y(z), v'(z), * > a, in an
approximate way, but with the desired precision, provided that we do not

encounter a point, and in particular the initial point, where pa(x) becomes zero.

For a PDE one must provide information about ¢(z) on a
manifold of co-dimension 1 of R? (a curve in R? or a surface
in R?), instead of a point.
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@ For PDE one must take into account that

e not all the curves or surfaces can be used to provide this
information.

e the kind of information depends on the type of PDE.
@ To illustrate the first point, let us return to the PDE

dp 0¢ . . _
% oy 1, with general solution ¢(z,y) = x + ¢(x + y).

o Let us take the line x +y = 1 to give the information about ¢

O ) yer = D21 — 2) = f(2),
for a given f(x).
@ One has
fl@)=0@1-z)=z+o@+1l-a)=1z+0p(1),

from which one cannot obtain the function ¢(z) (besides
having a contradiction unless f is of the form f(z) = x + k).
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@ Instead, if one considers the line x —y = 2, thatis, y = x — 2,
and specifies on it ¢(x,z — 2) = f(x), one gets

flz)=¢x,x—-2)=c+pr+z—-2)=2+ p(2z —2)

and p(2z — 2) = f(x) — x.
o It follows from this that, at an arbitrary point ¢t = 2z — 2,

t t r+y T+y
= 1+-|-1—- = 1 11—
() f( +2> 5 Platy) f( +— ) 5

@ Finally, the solution to the PDE that satisfies the given

condition is (check both the PDE and the condition!)

x+y)_1_m—y

olan) =1 (14 .
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@ How does one know whether the given curve on which the
condition is given is a good one? It turns out that this
depends on the principal part of the PDE.

@ The curves on which one can give the condition on ¢ for a
linear first order PDE with principal part

99 9¢

are those whose normal 7 = (n,,n,) at no point satisfies
a(z, y)ng + b(x,y)ny = 0.

@ Curves such that their normal obeys the above equation
everywhere are called characteristics. Hence, an admissible
curve must be nowhere tangent to a characteristic.
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In our example, the equation of the caracteristics is

ng — ny = 0, from which n, = n, and the normal at an
arbitrary point is proportional to 7 = (1, 1).

This means that the tangent is proportional to £ = (1, —1)
and the characteristics are the lines x + y = k, with slope —1.
Our curve z + y = 1 was itself a characteristic, and hence the
problems. Instead, the second curve z — y = 2, having slope
equal to 1 everywhere, was not tangent to a characteristic at
any point.

In two dimensions, d = 2, the principal part of the PDE is

a(, Y)uze + 26(, y)uay + (2, y)uyy.

The characteristics will be curves in R? such that, if the
normal is 77 = (ng, ny),

CL((E, y)ni + 2b($7 y)nl‘ny + C(.Z', y)n; =0.
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Let us consider, for instance,
—3Uzg + 2Uzy + 3uz = 0.
The equation for the characteristics is
—3n2 + 2nzny = 0.

This has solutions n, = 0 and —3n,; + 2n, = 0.

The case n, = 0 means that the normal is pointing along the
Y direction everywhere, and hence that the curves are
constant lines y = C', of which we have one for each point in
the plane.
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@ The solutions to —3n, + 2n, = 0 will be also lines, for which
ng = 2/3n, or, in terms of the tangent £ = (t,,1,),

2
—ty = gtm,

with solution y = —2/3z + K, K € R, which again provides a
line for each point in the plane.

@ We have found that there are two different characteristics
through each point for the PDE —3u,; + 2uzy + 3u, = 0.
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Classification of second order linear PDE

@ The three most important PDE of classical physics are the
wave equation, the heat equation and the Poisson-Laplace
equation. For two independent variables they are

@ one-dimensional wave equation. The function ¢(x,t) satisfies

0? 1 9
9 109 _ tat), e>o0,
ox? 2 Ot?
which describes the propagation of the field ¢ in one space
dimension with constant velocity ¢, and where f is an external
source (of force or charge, for instance).

@ one dimensional heat equation. The function ¢(x,t) obeys

Po 99

— —k— = f(x,t), k>0,

Ox? ot f(@.t)
where ¢ is proportional to the temperature and f describes a
heat source.
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@ two-dimensional potential or Poisson equation. The
function ¢(z,y) satisfies

82¢ 82¢>
922 Tyng(x’y)v

where ¢(z,y) is typically a time-independent electrical or
gravitational potential, and f(z,y) is its source. For f =0
one has the Laplace equation.

@ These three equations are the canonical representatives of the
hyperbolic, parabolic and elliptic kinds.

@ These equations can be extended to a higher number of
independent variables (¢(7, t), ¢(7), 7€ R™).
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@ A quadratic equation in the plane
azx® + 2bxy +cy* + fr+gy+h=0
describes an hyperbole, a parabola or an ellipsis if the

discriminant ac — b? is negative, zero or positive, respectively.
@ By analogy, the PDE with principal part
0? 0%¢

a(x, y)w + 2b(x,y)

9%

is, at a given point (z,y),

hyperbolic if a(x,y)c(x,y) — b*(x,y) < 0,

2

parabolic if a(x,y)c(z,y) — b (z,y) =0,

elliptic if a(x,y)e(z,y) — 52(%?/) > 0.
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For the wave equation one has a(z,t) =1, b(x,t) = 0,

c(z,t) = —1/c?, and hence ac — b?> = —1/c? < 0, so it is
hyperbolic everywhere.

For the heat equation, a(z,t) =1, b(x,t) =0, ¢(x,t) =0,

ac — b%> = 0 and it is parabolic at all points.

For the potential equation a(z,t) =1, b(x,t) =0, c(x,t) =1
and ac — b?> =1 > 0, and the equation is elliptic at all points.
A given PDE can have different characters at different regions
of the plane.

Notice that, for the heat equation, the term with the time
derivative does not belong to the principal part.

It can be shown that an PDE is hyperbolic, parabolic or
elliptic at a point if 2, 1 or no characteristics pass through
that point, respectively.
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@ We are interested in solving our PDE in on a given region
Q C R?, with boundary 99, part or all of which can be at
infinity.

@ In order to obtain a solution, one must impose boundary
conditions for ¢ on 0f2.

@ There are three main classes of boundary conditions, which
can be combined and imposed on parts or the whole of 0f).

@ Dirichlet conditions. The value of ¢ on 0 is determined by a
given function g,

Dlon = 9(z,y), (z,y) € 0.
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@ Neumann conditions. Now what is given by g is the normal
derivative 0,,¢ on 012,

ndloq = 9(x,y), (x,9) €N, o =1 Vo.

@ Cauchy conditions. Both ¢ and 9,¢ are fixed, but only on a
part of 012,

Plag = g1(z,y), (x,y) € HQ C 09,
hdlog g2(z,y), (z,y) € 019 C ON.

These are usually associated to second order PDE in time,
and the Cauchy conditions, or Cauchy data, correspond to
initial conditions.
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@ One can also consider Robin boundary conditions, for which a
linear combination of ¢ and 0,,¢ is given at the boundary,

a(z,y)d(z,y) + B(z,y)0nd(z,y) = y(z,y), (7,y) € ON.

@ Each kind of second order PDE requires certain classes of
boundary conditions in order to guarantee both existence and
uniqueness of solutions and smooth variation of the solution

with

the boundary data.

Hyperbolic PDE require Cauchy conditions on part of the
boundary, and Dirichlet or Neumann on the rest.

Parabolic PDE require Dirichlet conditions on part of the
boundary, and Dirichlet or Neumann on the rest.

Elliptic PDE need Dirichlet or Neumann conditions (or
appropriate asymptotic behavior if the region is not bounded).
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The method of characteristics

@ The most general linear first order equation for u(z,y) is
0 0
alesy) gy b y) g+ el y)u = F(@y),

e Consider the vector field in R? ¥ given by

v(x,y) = (a(z,y), b(z,y)),

and let ¥(#) = (2(f), y(£)) be one of its integral curves,
parameterized by .
@ At each point the components of the integral curve satisfy

& = a(a(),y()),
g o= bla(d),y(d),

where the dot indicates the derivative with respect to t.
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@ We impose now that this curve is on the surface u = u(z,y)
in R? that describes the solution to the PDE. This means that
the points u(z(#),y(t)) should be on the surface for all £.

@ Going to the PDE and using a = %, b = ¢ we obtain

05 w0,00) + 305 w(0.0)

+ c(a(®), y()u((b), y(d) = fx (), y(@)).

o Understanding that everything is now a function of £ and
using the chain rule, this can be rewritten as

i+ c(fyu = f().
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@ Putting together the two equations that we have introduced
for 2(t) and y() and the one that we have obtained for (%)
we get the system of ordinary differential equations

T = a,
y = b
ut+cu = f,

which is called the characteristic system associated to the
PDE. Its solutions are called the characteristic curves, and its
projections on the XY plane are, precisely, the characteristics
that we introduced earlier. The next figure illustrates this.
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corba caracteristica

caracteristica

= "=

THE METHOD OF CHARACTERISTICS. The solution surface is constructed by knitting together characteristic curves
(green). Different curves correspond to different values of s, which parameterizes the initial condition (purple).
The characteristics are the black curves, and in order to obtain a surface the curve on which the initial condition is

given (red) should not be tangent to the characteristics.
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If we parameterize the initial condition for a characteristic
curve with s, each characteristic curve will be written as

(z(s0,1), y(s0, 1), u(s0, 1)),

for a given sg, with

(2(50,0),9(s0,0),u(s0,0)) = (z0(s), yo(s), uo(s))

on the curve I'(s).

If we now consider all the curves obtained by varying s in an
open set, we will get the equations of a surface parameterized

by (s, 1),

8

I

< 8
—~ o~

» »
sy TRy oy
—

u = u(s,

Métodes Matematics 2 Grau en Enginyeria Fisica



Classification[cHRDEIMEthodloffcharacleristics Definitions. Characteristics of a linear PDE

Classification of second order linear PDE
The method of characteristics

@ From the first two equations one can try to obtain (s, %) in
terms of (x,y). Using this information in the third equation,
one gets then the solution u = u(z,y) to the PDE.

@ It may happen, though, that those first two equations do not
define, not even locally, s and ¢ in terms of = and y, due to a
failure of the conditions for the result of the inverse function
theorem to hold. It can be shown, in fact, that this happens
precisely at points where the curve I' on which the initial
conditions are defined is tangent to a characteristic, and this
is a situation that should be avoided.

@ Since the characteristics are integral equations of the vector
field (a,b), which is determined solely by the PDE, it might
be convenient to find those before giving the initial conditions.
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Consider, as a first example

Uy + Uy = 2,

with initial conditions given by u(z,0) = 2.

This means that I' is the X axis, and choosing s = x as

parameter we have I'(s) = (s,0, s?), which is a parabola in
XU.

The characteristic systemis (a=1,b=1,¢=0, f = 2),

i o= 1,

= 2,

which we should solve with initial conditions z(s,0) = s,
y(s,0) =0, u(s,0) = s%
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@ The general solution is
x(satA) = tA+ fl(

y(S,tA) = £+f2(
u(s,t) = 2t+ f3(s).

s),
s)

I

@ Imposing the initial conditions one gets

z(s,t) = t+s,
y(s7£) = 1?7
u(s,t) = 2t+s°

@ From the first two equations one has ¢ = y and s = z — ),
and going with this to the third equation one obtains the
desired solution,

w(z,y) =2y + (x — y)*.
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@ Notice that, if we do not fully give the initial conditions, from
the first two equations one has

r—y = fi(s) — fa(s).

@ From here, assuming fi(s) # f5(s), it is possible, at least
locally, to obtain s as a function of z — y, s = g(z — y).
Substituting into the third equation one gets then

u(z,y) =2y + ¥(x —y).

@ This is the general solution of u, + u, = 2, which contains an
arbitrary function V.
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@ The condition f1(s) # f4(s) is, in terms of the curve of initial
conditions,

a'(s,0) # 1/ (s,0),

where the prime indicates derivation with respect to s. This
means that I" has nowhere slope equal to 1 which is precisely
the condition of not being tangent to the characteristics,
which have tangent vector (z,9) = (1,1).
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@ As a second example, consider the PDE u, = 1, with IC
u(z,0) = h(x). The characteristic system is © = 1, § = 0,
% = 1,and one immediately obtains

z(s,t) = t+s,
y(s,t) = 0,
u(s,t) = t+ h(s).

o Now it is not possible to express (s,t) in terms of (z,y): the
characteristics have tangent vector (1,0), and hence the curve
I" of initial conditions I'(s) = (s, 0) is a characteristic.
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D’'Alembert’s solution

o Let ¢(z,t), with t > 0 and —oco < & < 400, obey the
unforced wave equation

¢ 1% _,
ox2 2otz

@ At each point there are two characteristics x = +ct + k4, and
we can assume Cauchy data on I' = {z € R, t = 0} given by

¢(2,0) = do(x), ¢(x,0) = (),
and we want to propagate these for ¢t > 0.

@ This is an hyperbolic equation, and it can be solved by a
two-fold application of the method of characteristics for first
order PDE.

Métodes Matematics 2 Grau en Enginyeria Fisica



D'Alembert’s solution
The wave equation Causal Green function
Separation of variables
Review of solutions of the wave equation

o If we factorize the wave equation as

0%¢ 1 0% < o0 10 <8¢ 1a¢>
= == + - A, )
c ot

0=+ _—Z9_
0x2 2 Ot2

ox ¢ Ot

ox

we get

Or cot

@ Factorizing in reverse order

0

)
(241200 v (2 12),
)

9% 18%_(8

T ox2 2o

one gets instead

o 10\, (09 18¢
(690_0826>U2_0’ U%(H)-
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e Solving 0,U; + 1/cd;Uy = 0 using the method of
characteristics leads to & = 1, { = 1/c and U; = 0, from
where

z(s,t) = t4 fi(s),
sd) = Si+ fals),
Ui(s,t) = fa(s).

@ From the two first equations one has R
x—ct = fi(s) — fa(s) = f(s), so that s = f~(z — ct) and

Up(z,t) = (fso f ) (x —ct) = fz — ct).
@ In the same way, one gets
Us(,t) = g(z + ct).
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@ We should now relate f and g to the Cauchy data.

@ From the relation between ¢ and U; and Us it follows that

9 199
ar cot ~ Jle—e)
0 10

£+2£ = g(x—i—ct).

@ Adding and subtracting these equations one gets then

%(m,t) = %(f(xfct)+g($*0t))v (Eql)
D) = Slolete)—fla—ct)). (Ba2)
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@ Setting t = 0 in these equations one can get the initial waveform of
the gradient

0¢ 1

52,0 = 5(f(@) + g(x)),  (Bad)

as well as that of the velocity

(@) = 5,0 = £(9(a) ~ Fa)). (Bay)
@ Integrating (Eq2) we obtain
¢(x,t) = ¢(x,0) + ; %(w,r) dr
= )+ 5 [ oo = fa—er) ar

r+ct T
= @y [ a@d-g [ @ @)
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e From (Eq3) and (Eq4) one can obtain the desired relation
to the Cauchy data,

o) = 02,00+ w(a),
f@) = 9200~ Lu(a)

e Putting now these in (Eq5) we obtain the solution to the
wave equation

oet) = ww)+3 [ (Fe0+ Lue) g

-5 [ (Ghen - tu©) a
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@ This can be further rewritten as

xr+ct
0a) = (o) + 3ol + et 0) = 50w 0)+ 5o [ w(©) de

_ %W, 0) + %¢(m _et,0) + % /Ht v (€) de

x+ct
= goole o)+ gle e+ g [ (o) de

2c —ct

x+-ct
¢z, t) = %¢0($ +ct)+ %¢0($ —ct) + l/ vo(€) d€

2c
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o If the initial velocity is zero vg is zero between x — ct and
x + ct d'Alembert’s solution boils down to

o(xz,t) = %d)o(az +ct) + %d)o(az —ct)

and the solution is just a superposition of the initial
waveforms moving to the right and to the left with velocity c.

@ D’Alembert’s expression shows that only those points that at
t = 0 are at a distance less than or equal to ct of the point x
have an influence on the solution at = at time ¢

@ This situation is reflected in the next figure. The closed
interval [x — ct,x + ct], the intersection of the past light-cone
of the point (z,t) with ¢ = 0, contains the initial data that
has an influence on the value of ¢ at (z,t).
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T
\/
Nz, t)

future light-cone
past light-cone

P —ct,0) (x,0) (2 +4ct,0) X

PAST LIGHT-CONE OF A POINT IN SPACE-TIME. Only the data inside the past light-cone of (z, t) can influence the
value of ¢(x, t). Yellow lines have slope £1 /¢, and are characteristics through (x, t) . The name light-cone
comes from electromagnetism in the vacuum, where c is the speed of light (or from special relativity, if one wants
to think in terms of time-like space-time intervals). Notice however that this description applies to any wave

equation, with ¢ the appropriate velocity.
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Causal Green function

@ Now we want to solve

1 0% 0%
Cﬁﬁ—@—ﬂ%t)a
for —oco < o < 400, —00 < t < +00.

o We assume that ¢(z,t) and d;¢p(x,t) are zero at t = —o0,
and we will use Fourier transform techniques.

@ The Green function associated to this problem, G(x,t; &, 1),
will be the solution to

2 2
<1 o9 >G(z,t;g,T)zcs(x—g)a(t—T).

2ot O
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@ The doubly Fourier transformed Green function is defined by
R +o0 +o0 . .
G(k,w; &, 1) :/ d:c/ dt e~ hr—ivt G(x,t;€,1).
e Transforming the equation for G(x,t; £, 7) yields then
1 . . ,
(2(iw)2 - (zk)Z) Gk, w;€,7) = e HFeeier,
c

@ From this one has that the Fourier transform of the Green

function is , ,
e*lkfefum‘

G(k,w;f,T) = —62m.
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@ The Green function is given by the inverse Fourier transform

“+oo +oo " te zk:.fe TwT
Gz, t;¢,7) = / dk/ e'trel W2 — 2)2

C2 ih(o—6) +o0 zw(t T)
= ——= dk e dw ———.
(2m)?2 /_OO /_Oo RECRpET

@ Let us compute the w integral, for a given k .

@ The integrand has poles on the real line at w = +c|k|. If we
want to obtain a causal Green function we will have to move
them to the upper half-plane, to

w = £clk| +ie, €>0.
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@ Since
1 1 1 1
w? —c2k?  2clk| \w —clk| w4+ c|k|
one has
+oo eiw(tf‘r)
/,OO dw w? — 22
teo 1 1 1
li d iw(t—T) . )
et s “ 20|k‘|6 <w—c|k| — i€ w+c|kz|—ie>

@ Due to the analyticity in the lower half-plane, the integral is
zero if t — 7 < 0, while for ¢t — 7 > 0 we obtain the result

2I7i i(clk|+ie)(t—7) _ i(—c|k|+ie)(t—T) )
2¢|k| o <e ¢ )
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@ In the e — 07 this is

2
|k] smc|k‘|( —7)= % sinck(t — 7).

@ Putting together the results for t —7 < 0 and t — 7 > 0 we get

400 ez’w(t—'r) o
/ dw m = —e(t—T)ESIHCk(t—T).

—0o0

@ Substituting this into the expression for the Green function we
obtain the causal Green function

+oo i _ )
Gi(x, t;6,7) = %G(t — T)/ d T T Ck](: T)e”“(m_@.
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@ The function of k which appears in the last integral is actually
analytic everywhere. To compute the integral, one has to use
the fact that the Fourier transform of the square pulse

Pa(z) = 0(x 4+ a) — 0(z — a)

a i 2
Pa(k) = / e R g = z sin ka.

@ This implies that

) )
O(x+a)—60(x—a)= / %sin ka e** dk.
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Using this result with a = ¢(t — 7), one gets

G t:6,7) = S0(t = 7) (Ba+c(t = 7)) = 0w = e(t = 7)),y

= S0t = 7) (Bx = £+ et = 7)) = Oz — £ — c(t = 7))

This is different from zero when ¢ > 7, and when, furthermore,
E—ct—T7) <z <&H+c(t—1),

that is, |z — &| < e(t — 7).

The second condition is again a consequence of the fact that
only space-time points inside the past light-cone can affect
the solution at (x,t), and hence x can, at most, be at a
distance c(t — 7) of &.
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@ Causality for the wave equation has thus two components:
one purely temporal and a second one related to the distance
in space-time.

@ Using this Green function, the causal solution to

10% 0%
2oz gz 1@

+o0o +oo
ola.t) = / dr / d€ Gy (.16, 7)q(€,7)

- / df/mt Ve alen),
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Separation of variables

e Consider now the homogeneous wave equation for = € [0, L].
170 0%
2ot Ox?

@ We assume Cauchy data at t = 0 and homogeneous Dirichlet

boundary conditions at x = 0, L,

(;5(1',0) = (ZSO(*T): S [OvL]v ¢(O7t) = 0, t=>0,
O(z,0) = wo(x), x€[0,L]. &(L,t) = 0, t>0.

@ Cauchy and boundary conditions should be compatible

$0(0) = ¢o(L) = 0, v(0) = vo(L) =0,

This means that, seen in the (z,t) plane, the conditions are
continuous at the points (0,0) and (L, 0) where the space and
time boundaries meet.

=0, z€0,L], t>0.
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@ The separation of variables method tries to find a solution of

the form
¢(z,t) = X(x)T(1).

@ Substituting this into the wave equation one gets
ST)X (x) — X" (2)T(t) = 0,

or
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@ The left hand-side of this equation is a function of ¢ only, but
it is equal to a function of . The only possibility that this is

true is if both members of the equation are actually equal to a
constant.

@ Due to the boundary conditions on z, this constant must be
negative, and we choose it as —k?, k € R.

@ We have thus

X (g )) _ _k27
17
arw - %
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@ The general solution of the equation for X (z) is
X(x) = Ae”** 4 Beih®,

@ Imposing the boundary conditions in z = 0 and z = L leads
to the system A+ B =0, Ae L 1 BetkL — () which has a
nontrivial solution only if k£ = "T” n € Z, for which B = —A.

@ The solution to the spatial part is then

nmx

Xp(z) = A, (eii%x — eiLLﬂx> = —2¢A, sin A
. nrx
= CnsmT, n=12,...
where we have retained only the positive values of n, because
the negative ones yield solutions proportional to the
corresponding positive values and for n = 0 we have a
solution identically zero.
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@ The equation for T'(t) is, for the allowed values of £,

1 T(t) n2ﬂ'2

— 1\ —1,2,...
2T - 2T

@ This has general solution

SMTC

To(t) = Dpe VTt + Epel ™, n=1,2,...

@ The total solution ¢y, (x,T) = X, (z)T,(t) is, finally,

qbn(x,t):sin?(an T 4 B enzct>, n=12,...
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@ These are solutions that obey the boundary conditions, but we
have to impose now the initial conditions. In general, a single
or a finite combination of the X, will not satisfy the Cauchy
data, but since we have an infinite number of solutions, we
can form a series and use the infinite number of coefficients to
try to fit the data:

o0
P(z,t) = Zsin% (ane_imfct + Bue T ) :
n=1

@ Leaving aside mathematical considerations about the
convergence of the series, the homogeneity of the boundary
conditions is essential for this to work, as well as the linearity
of the wave equation.
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@ Evaluating the series, as well as its time derivative, at t =0
we have

Gol@) = 0(2,0) = 3 (o + B sin 77
w(z) = dé(z,0) = ;(—ﬂzcan + i%ﬁn) sin ?
= _i% Z n(ay, — By) sin ?

n=1

@ These sine functions have period 2L, and therefore o, + 3,
are the Fourier coefficients of the skew-symmetric extension
do(x) of ¢o(x) to [—L, L]; likewise, the —i"n(on — fBy) are
those of the extension 0y (z) of vy(x).
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One has then
2 [ . 2mnx
on+ B = — ¢o(z) sin dz
oL |,
2 (L . Tnx
= — o(x)sin — dx = I,

2 [k TNT

I, = — ¢o(z) sin — dzx,
L/ L

nme ( 8,) 2 [ (@) 2Tnx q
— 11— Ny — - Vol ) sin xr
L e 2L | 1 L
2 [k . TNT
= = vo(x) sin — dx = J,,

L Jo
2 (L . TNT

I = = vo(z) sin — dx
L Jo
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@ The system for a,, B, is

L
an+ﬂn:1—na an_ﬁn:i%Jnv

with solution

1. L 1 1. L
I ny nzf-[n_*‘i n-
t3 2 Cﬂ'nJ B 2 2207rnJ

@ The solution to the Dirichlet problem for the wave equation is
thus

oo
. nmx | (1 1 L _imme
Pty = 2 s |\t e
1 1 L - nwe
—+ 51—71 — Zi%Jn el L t
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@ Combining the complex exponentials one finally gets

> nmwT nmct L nmct
) = Z sin A <In cos + Jp sin > .

L crn L
with
) L
/ ¢o(x SlIl dx In L/o vdx)sin? dz.

@ A similar solution can be worked out for Neumann conditions;
the final result has cosine functions of x instead of sine, and
the series starts at n = 0.
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Review of solutions of the wave equation

@ We have obtained solutions to the wave equation for

e Homogeneous equation, z € R, initial conditions at ¢ = 0
(d"Alembert’s solution).

o Non-homogeneous equation, x € R, t € R (Green function
solution).

e Homogeneous equation, x € [0, L] with boundary conditions,
initial conditions at ¢t = 0 (separation of variables + Fourier
series solution).

@ The first and third solutions can be written in the form
d(x,t) = F(x — ct) + G(x + ct)

for appropriate functions F' and G, depending on the 2
characteristics x + ¢t of the wave equation at each point.

@ The Green function case has an extra 6(t — 7) that does not
allow to write the solution in this form.
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The heat equation

@ The heat equation
9¢
ot

is the parabolic equation par excellence.

@ At each point (x,t) there is a single characteristic, given by

ng = 0, that is, £ = constant. Hence initial conditions can be
given at t =0,

(m7t) = "57(%15)7 K > 07
T

¢(x,0) = do(z).

@ Furthermore, if the domain of x is bounded, Dirichlet or
Neumann conditions are also provided at the spatial boundary.
The data at t = 0 are also Dirichlet. They are not of Cauchy
type, since the value of 9;¢(x,t = 0) is not given: the
equation is of first order in time, and 0;p(z,t = 0) is
computed from the PDE.
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@ Since k > 0, if in a given region one has a spatial profile with
negative curvature

0%¢

o0x?

9
ot

<0,

then
<0

and the other way around.

@ This means that the evolution in time tends to iron out the
spatial profile, erasing the spatial gradients of the solution.
Non-constant solutions in space can only be maintained by
externally imposing a gradient using the boundary conditions
or, in the non-homogeneous case, by extracting or injecting
heat at each point.
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o If we run the heat equation in reverse time or, equivalently,
set k < 0, the opposite behavior happens. Any initial kink in
the spatial profile is amplified and the solution diverges
exponentially in time. Physically, this would correspond to
heat flowing from lower to higher temperature regions, hence
violating the second principle of thermodynamics.

@ The heat equation is also known as the diffusion equation
when what one is considering is the flow of some chemical
species from regions of higher to lower concentration. In this
case it is written as

op  _0%¢
E—D@7 D>0.
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The heat kernel

@ Let us consider an unbounded spatial domain of the form
—00 < & < +00, hence without boundary conditions, and an
initial condition of the form ¢(x,0) = ¢o(x).

@ The Fourier transform with respect to x is

. +oo .
bk, t) = o(z, t)e ke dk,
@ Transforming the heat equation with respect to this,
considering t as a parameter, yields
99 2
—(k,t) = —rk“o(k,1).
2 (k1) = —k?(k, 1
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o For fixed k this is an ODE of first order in t for ¢(k,t), with
general solution

Ok, t) = G(k, 0)e ",
where ¢(k,0) is the Fourier transform of the initial condition
d(x,0) = ¢p(x).
@ We can now anti-transform to obtain

+o0
oat) =5 [k Gk e

2 J_ s

+oodkA ikz—rk?
= [ Srdn et
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o Expressing ¢(k,0) in terms of its anti-transform

+oo

¢(k,0) = bo(€)e Mede,

—00

we obtain, changing the order of integration

¢(z,1)

+oo . . 2
¢0(§)elk£d§> ezk:rfﬁk t

—0o0

[
) 2rm

+o0 +oo dk . -
= / d¢ ¢o(§)/ gelk(x §)—rk?t,

—00 —00
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@ This can be written in the form
—+oc0

p(z,t) = Gz, 1)¢o(8) dE,

— o0
where we have defined the heat kernel as

+o0
G(l‘,f,t):/ dk ik(z—&)— Hk2

oo 27T

@ Notice that
T dk
Gla6.0) = [ G ~ 5w —g)
and the initial condition is satisfied,
—+o00

+oo
6.0 = [ G(z,£0)60(6) de = / —€)0(£) € = dolx).

— 00
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o Completing a square in k in the exponential which appears in
the heat kernel and using

+o00 5
/ e ¥ dr =7

—00

one can show that

G(x,&,t) =

@ Since t > 0 (and x > 0 too) the root in the denominator is
real and different from zero. Using this form of the heat
kernel the solution of the heat equation becomes

o(a, ) efﬁ@*%o(s) de.

\/ 4kt
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In this last expression, the heat kernel seems to play the role
of a Green function, but with respect to the initial condition
instead of an external forcing.

This can be actually understood if one considers that an initial
condition can be replaced with a delta function at t = 0.
Using the same double Fourier transform as in the wave
equation computation, one can see that the causal Green
function of the heat equation is

Go(wti6,7) = Ot — 7)o T (9
o, 56 T)=0(t—T1 w(t=T .
- Ark(t — 7)

Notice that G (x,t;£,0) = 0(t)G(z,&,t) = G(x,&,t), since
we are only considering ¢ > 0.

Métodes Matematics 2 Grau en Enginyeria Fisica



The heat equation
The heat kernel

LD LTeE CepEfien Separation of variables

e Consider now, for a given initial profile ¢g(z), the
non-homogeneous heat equation without initial conditions.

Ohp — kO2p = do(2)(t).

@ Using the above Green function, the solution to this will be
given by

b, 1) = / T ae / T dr G (0,61, 7)00(£)5(7)
:/_ d¢ Gy, &:t,0)do(E / G(z,&,t)¢o(€) dE.

@ The heat kernel is therefore the causal Green function of the
problem with the time delta located at 7 = 0.

Métodes Matematics 2 Grau en Enginyeria Fisica



The heat equation
The heat kernel

LD LTeE CepEfien Separation of variables

To complete the argument, if one integrates

Op — KOZp = do(x)5(t)

with respect to time between { = —e and ¢ = € one gets

P(z,+€) = p(x, —€) + do(z) = po(x)

since ¢(x,t) = 0 for t < 0. This shows that, indeed, the delta
function introduces the initial condition at ¢ = 0 if one
considers the problem for ¢t € R.

Techniques related to a generalization of the heat kernel play
a fundamental role in many areas of physics and differential
geometry.
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Separation of variables

@ Separation of variables for the homogeneous heat equation
can be discussed in the same way that we did for the wave
equation, considering the PDE for (z,t) € (0, L) x (0,4+00),
with initial condition ¢(x,0) = ¢o(x) and either Dirichlet or
Neumann homogeneous conditions at x = 0 and x = L.

@ The Dirichlet homogeneous conditions ¢(0,t) = ¢(L,t) =0
correspond to fixed (zero in the considered temperature scale)
constant temperature at the boundary and the Neumann ones
—03¢(0,t) = 0,¢(L,t) = 0 to zero heat flow at the boundary.

@ After separation of variables the solutions to the time
equation are decreasing exponentials for ¢ > 0.

o A single Fourier series for the initial data has to be computed
in this case, since the equation is of first order in time.
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Laplace and Poisson equations

@ The Poisson equation in R™
- "L 02

—AG(7) = f(F), 7= (21,22,....7), A=V> =) —
; i

or the Laplace equation

A¢(r) =0,
are the object of study of potential theory.
@ The name comes from the fact that these equations are those
of the electrostatic potential or of the gravitational field,
~Ap="L —A¢=—4rGp,
€0
where the p(7) are the charge and the mass densities,
respectively
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e For a point charge ¢ at 7, the Poisson equation becomes
q ¢,
—Ap = =6(F— 1),
€0
and hence, except for the constant factor ¢g/¢€p, the potential
of a point charge is the Green function of the operator —A.

@ The vector delta which appears here is, in Cartesian
coordinates, the product of unidimensional deltas

n

5(77— 7_"0) = H(S(l‘z — in)-

=1

@ Since the integral of a delta is equal to the dimensionless
constant 1, the physical dimension of a delta must be the
inverse of its argument. In our case

67— 7)) = L™
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@ It is sometimes also useful to be able to express the delta of a
function in terms of elementary deltas,

() =3 V,(laﬂau ~a),

where the sum is over the zeros o of f, assuming that all of
them are simple, so that f’(«) # 0.

o If the PDE is defined on a domain (open, bounded, connected
set) 2 with boundary 052, one can impose on 0f2 Dirichlet

¢|BQ =9,

conditions.
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@ A solution to the Laplace equation
Ap=0

in a domain  is called an harmonic function on .

@ In two dimensions, an harmonic function ¢(z,y) is the
solution to
82¢> 0%¢
5+ a5 B2
@ The Laplacian can be expressed in terms of z = x + iy,
Z=x—1y as

Ap = ~ 0.

0? 0? 0?
a5t 75 =42,
ox?2  Oy? 020z
and the zero Laplacian condition becomes
0%¢ _
0z 82<Z’ ?)=0.
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@ This means that an harmonic function, when expressed in
terms of complex variables, is only a function of z or Zz.

@ With the additional requirement of the existence of derivatives
this means that harmonic functions are analytic or
anti-analytic. In fact, since the Laplacian is real, both the real
and imaginary parts of these functions are harmonic.

o Consider, for instance, ¢; = 22 and ¢3 = 23. One has

22 = (z+iy)? =2® —y? — 2ixy,

2= (z—iy)’ =2 = 3wy’ —i(32%y — ),

and 22 — 42, zy, 2® — 32y? and 322y — 3 are all harmonic
functions.

o In contrast, ¢3 = 2z = 2> 4 y? is not an harmonic function.
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Cauchy data for elliptic PDE: an ill-posed problem

@ One could be tempted to think of the Poisson equation as just
a kind of wave equation with a sign change. That this is not
possible is already pointed out by the non-existence of
characteristics for elliptic PDE, but if one tries to impose
Cauchy data on an elliptic PDE, one runs into an ill-posed
problem, in the sense that the solutions are not continuous
functions of the initial data.

@ To see this, consider the Laplace equation in two dimensions s
with the following Cauchy data at y = 0,

Opz® + Oyyp =0, —00 < x < 400, y >0,

B 1) 1
&(x,0) =0, 8—y(aﬁ,0) = _sinna,

for givenn=1,2,...
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@ For n large enough, the stated problem can be made as close
as desired to the limit case

Opz® + Oyyd = 0, —00 < & < 400, y >0,
o9

¢(xa0) =0, @(xao) =0,

which has solution ¢(x,y) = 0.

@ It is immediate to verify that
L. .
un(7,y) = — sinna sinh ny
n

is, for any n, a solution to the original problem with finite n.
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@ One has, for any y > 0,

lim wu,(z,y) = oc.
n—oo

@ We have that an arbitrarily small modification of the Cauchy
data brings in a solution that differs as much as we want from
the solution corresponding to unmodified Cauchy data.

@ This is a general feature of elliptic equations, and shows that
Cauchy data cannot be assigned to them.
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Separation of variables

@ Separation of variables for elliptic problems requires
sometimes some ingenuity to construct the Fourier series that

match the boundary conditions. We illustrate this for the case
of a rectangle.

o Let 2= (0,L;) x (0,L2), and consider the Dirichlet problem
6 o _
a2 T oy T
6(x,0) = ¢ (2), é(x.L2) = 6 (a). @ €0, L],
6(0.y) = 65" (W), 9(L1.y) = 64" (W), v € [0, La),

that is described in the next figure.

0,
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v o’ (@)
L,
3 2 (4
Pl Z+Ze=0  pw)
0 (x) L X

DIRICHLET PROBLEM FOR THE LAPLACE EQUATION ON A
RECTANGLE. We will construct four series which are solutions of the
Laplace equation and such each of them is zero on three of the
boundaries. Boundary conditions are assumed to be continuous on the
corners, i.e. qﬁél)(Ll) = (()4) (0) and so on.
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@ Looking for solutions of the fom ¢(z,y) = X (x)Y (y) leads to

the equation
X/l Yl/
Y= v = constant.

@ The idea is to construct functions that are zero on 3 of the 4
sides of the rectangle. Depending on the sides, the constant
that appears in the separation of variables equation should be
positive or negative, because with a sinus we can get a zero

on opposing sides, but with an hyperbolic sinus only on one.

@ If the constant is positive we can write
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@ The solutions for X will be combinations of sine and cosine
functions, of which the ones that are zero at z = 0 and
x = Ly are

X(:v)zsinn%?, k:kn:%, n=12...

@ For these values of k the equation for Y is

Y// n2 ﬂ_Q

= —,
Y Ly
with solution

Y(y) = Acoshn%f/ + Bsinh nTTrly
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@ We cannot make this to be zero at both y =0 and y = Lo,
but we can impose Y (0) = 0 or Y (Lg) = 0.

@ In the first case A = 0 and the solution is, with B =1,

Y (y) = sinh —= nry.

Ly~

@ In the second case

nmwLo
cosh T2

B=-4 inh nmLo
sinh "7
and, choosing A = sinh %
L L
Y (y) = sinh ”21 2 cosh nTWIy ~ cosh nzl 2 on nL7rly

= sinh %T(Lg —9).
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@ The product of X (z) and the two Y (y) yields the solutions

. nmTr . . nw
P2,n(7,y) = sin . sinh L71y’
Lo —
¢1n(z,y) = sin nre sinh nm(Ls y),
’ 14 L4

where the index indicates the boundary where the function
does not vanish.

@ Similarly, taking the separation constant positive, one can
construct the other two sets of solutions

G (r,y) = sinh -~ sin T
Ly —
¢3n(x,y) = sinh n(Ly = o) sin Y.
’ Ly Loy
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@ Out of the four sets of solutions one can construct the total

solution
4

¢(96'y Zzamn¢mnxy)
m=1n=1
on which the boundary conditions can be imposed.

@ For instance, imposing the condition at y = 0, one has that all the
functions with m = 2,3,4 vanish at y = 0 and

nmwlo .nﬂ'x
Ly Ll'

¢($ 0) Zal nd)ln x, 0

The a; 5, sinh % are the sine coefficients of the skew-symmetric

extension of ¢81) and therefore

. nmLo nme
a1,p sinh = / gbo sin — dx.
Ly Ly
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@ The other coefficients are determined in a similar way and the
desired solution can be computed.

@ Solving the Laplace equation by separation of variables in
other geometries requires expressing first the Laplacian in the
appropriate coordinates.

@ For problems in the plane with rotational symmetry (for
instance, Dirichlet conditions on two concentric circles, with
the Laplace equation being satisfied in the space between
them) it is convenient to use polar coordinates, for which

# 10 12
or2  ror r200?%
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Self-adjointness

@ The operator —A, defined on a bounded domain 2 C R"™, is
Hermitic with respect to the scalar product

(6.0) = /Q (P () dvr.
@ Indeed

(6 —Ap) = /Q o(—Fp) dr = /Q 5% - (Tp) dr

- _/8Q (W@—% 4,0) -7 dS + (A, ).
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@ The term
/ (N@—% 90) i dS
o0

can be set to zero by imposing Dirichlet homogeneous
conditions on ¢ and ¢ (¢ =0, » =0 in 9), or Neumann
homogeneous conditions (9, = 0, Op¢ = 0 a 0f2).

@ Since the conditions are the same for ¢ and ¢, the domains of
—A and (—A)T are also the same, and —A is not only
Hermitic, but self-adjoint.

@ The hyperbolic and parabolic operators appearing in the respective
PDEs are not self-adjoint, because they are given initial data (say at
t = 0) and there are no conditions on the other time boundary
(which is, in fact, not defined). Furthermore, parabolic operators,
such as the one of the heat equation, have a real first order
derivative, and they are not even Hermitic.
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@ the above means that all the known results for self-adjoint
operators can be applied to —A with Dirichlet or Neumann
conditions on a bounded domain.

@ Consider for instance 2 =

(0, L1) x (0, Lg), with Dirichlet

homogeneous conditions ¢(z,0) = ¢(x, Ls) =0, = € [0, L1],

#(0,y)

= qb(Ll,y) =0,y¢€ [O,LQ].

o We look for eigenfunctions —ﬁ%ﬁ = A\¢ by means of
separation of variables, ¢(z,y) = X (2)Y (y).

@ One immediately gets

and thus

X// Y//
=
X Y
X// Yl/

v 7 + )\ = constant.
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@ In order to satisfy the boundary conditions for X, we choose
the constant as k2. Then X (x) = Acoskz + Bsinkx and
X(0) =0, X(L1) =0 leads to A =0 and k = 77,
n=12,...

@ The solution is

. nrx nmw
Xn(ac):smL—l, kn:L—l, n=12,...
@ Using these values of k in the equation for Y one gets
Ve 2,2
v,
Y Ly

@ The constant in the right hand-side of this equation must be
negative if we want Y (0) = Y (L2) = 0. Hence
n?m? 9

S = A= —p*
Ly
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@ One gets then Y (y) = Acos py + Bsinpy and the boundary
conditions lead to

mmy _mm
L2 ’ pm— L27

Y. (y) = sin m=1,2,...

@ Putting everything together, the normalized eigenfunctions are

4 . nmx . mw
¢"’m(x’y):”L1L2 sin I sin L2y, n,m=1,2,...

with real eigenvalues

n27r2 m27r2
)\n m =

, T%—{—T%, n,m:1,2,...
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@ These eigenfunctions are orthogonal

Ly Lo
/0 dz /O dy ¢n,m (a:, y)¢m’,n’ (x7 y) = 5n,n’6m,m’ .

@ They also form a complete set
o
flz,y) = Z An,m¢n,m(xa Y),
n,m=1
with

L1 Lo
An,m = /0 dx/() dy ¢n,m(x7 y)f(%l/%

for any function f that vanishes at the boundary of
[0, L] x [0, Lo].
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@ This means that they obey the completeness condition, which
in this case reads

Z ¢n,m($7y)¢n,m(‘%7g) = 6($ - i‘)(s(y - g)

n,m=1

@ In a system with arbitrary coordinates ; it is possible to find
the complete set of eigenfunctions as a product of functions
of each coordinate provided that the homogeneous boundary
conditions are on sets of the form ; = constant. In general,
though, only in the case of Cartesian coordinates can one
obtain these in terms of elementary functions.
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Green functions

@ Once one has the eigenfunctions, one can write down the
Green function, the solution to

—AG(r, 1) = d(r —10)

corresponding to the same boundary conditions, by means of

G(7.o) = Y 5 a 71610,

nel

where I is the (multi)index set of the eigenvalues and where
zero modes are assumed to not exist.

@ For bounded domains this is the preferred method to obtain
the Green function, rather than solving its differential
equation from scratch.
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@ In our example this will be

G . R 7L14L2 . MTXT . MTY . NATy . MY
(x,y;x0,%0) = Z gy o sin I sin I, sin I, sin T,
n,m=1 L7 L3
_ = 4 L1Ls . nmT . MmmTYy . NATy . MTYo
= Z Py Y sin I sin I sin I sin I,

n,m=1

@ Using the one-dimensional result

(o) ~
2 . nmx . Nk N -
E —sin——sin — =d(x — &), =,z € (0,a),
a a
n=1
it is immediate to see that this is indeed the desired Green

function.
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@ Using the Green function one can obtain a solution to the
Poisson equation with the same homogeneous boundary
conditions,

—Au = f(z,y), u(z,y)=0forz=0,L; ory=0,Lo,
as
L Lo
) = [z [ 47 G009,

@ As was the case for operators of a single variable, one can,
playing with the Lagrange identity, obtain also the solution for
non-homogeneous boundary conditions using the same Green
function (see Section 6.5.5 of [1]).
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Coulomb potential

@ We want to compute the electrostatic potential of a point
charge o in the vacuum, placed at 7y € R3,

V2V (7 7)) = L7 — 7)), 77 € RS,
€0

Except for qo/¢q, this is the Green function of —A in R3.
@ We will do the computation using a Fourier transform in R3,

1 WO R
(27r)3/]R3 V(k,7)e* ™ d3k.

@ The transform of our Poisson equation is

—(ik) - GRYV (R, 7o) = =ik,
€0

V (7, 70) =

from which

o 1 = oo
V(k,fb) = Zg 2 e*lk-n)? k2 k.- k= ’k‘Z

Métodes Matematics 2 Grau en Enginyeria Fisica



Laplace and Poisson equations

Separation of variables

Self-adjointness and Green functions
Potential theory Coulomb potential

@ Using this V in the anti-transform we get

L 1 qo L k() 3
- U - &3k
VI(F. 7o) (2m)3 € /R3 k2 ©

@ The easiest way to compute this integral is using spherical
coordinates for E k1 = ksinfcos ¢, ko = ksinfsin ¢,
ks = k cos @, with the Z direction in k space pointing in the
direction of ¥ — 77, so that

-

k- (F—7o) = k| — 7| cos 6.

Métodes Matematics 2 Grau en Enginyeria Fisica



Laplace and Poisson equations
Separation of variables
Self-adjointness and Green functions

Potential theory Coulomb potential
Then
1 q [ i 2 b ki coso
V(F,ry) = — d in 6 do kedk —e tFITTTolcos
(7, 70) ) 60/0 ¢/0 sin /0 er
09—
_ 1 @ /OO Ak —1 ikl cos "
(2m)2 e Jo —ik\f'— 70| 0—0
1 1 k
_ 1 g L °° sin k| — ‘dk:
272 eg |7 — 7“0| k
1 q / smk /°° Sinklk T
= arKk = —
2 60 |7“ — 7“0‘ 0 k‘ 2
1

471’60 ’7’ — 7’0’

which is Coulomb's law for the electrical potential of a point
charge in three dimensions of space.
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@ In Section 6.5.4 of [1] it is shown that the electrostatic
potential created by a point charge ¢ placed at 7y € R" is

o qo 1 1
1% =%
(7, 70) €0 (1 — 2)Sp_1 |7 — o|n=2

where S;,_1 is the surface of a unit sphere in R”,

n/2
S =
I'(n/2)

with I" the Gamma function, which has the properties
I(x+1) =al(x), T'(1/2) = /7.

@ For n = 3 this reproduces our Coulomb potential. As n grows,
the potential goes to zero with a higher power, n — 2, of the
distance to the charge. This is due to the field lines having
more spatial dimensions to spread out.
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@ For n = 2 the general formula diverges. It can be seen that it can be
given a finite value by extracting an infinite quantity which does not
depend on 7 and hence does not contribute to the electric field. The
result is the electrostatic potential of a point charge in the plane,

. 1 L.
V(7,70) = —ﬁ%bgv — 7ol

@ Finally, for n = 1 one gets

_ D

V(r,rg) = 2

|T7T0|7

which corresponds to a piecewise constant electrical field, except at
r =19, where it flips sign,

d .
E(r)= —EV(r, ro) = sign(r — ro)Zq—EOO.

@ The results for the electrical field for a given n can also be obtained
using Gauss theorem and appropriate (hyper)surfaces.
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