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1 The basic idea

Consider a general non-homogeneous equation in a domain €2

Lyuly) = f(y), veQ, (1.1)

where L, is a linear operator and f is given; the unknown function u is supposed to satisfy some boundary
condition on the boundary 92 of {2
Bu = b(y) for y € 090, (1.2)

where B is a suitable operator (for instance, the identity for Dirichlet data, or the normal gradient for
Neumann data). We assume that u and f belong to a suitable Hilbert space in which a scalar product is
defined in terms of an integral over the domain 2.

Alongside this problem, consider the related problem

+ i) —
Ly Gly;x) = 6y — x), (1.3)
where the operator L; also acts on the variable y and will be specified presently. Since this is an equation

in which the variable is y, G depends on the point x — which is to be considered fixed — only as a parameter.
Take the scalar product of (1.1) with G

(G, Lyu) = (G, f), (1.4)

and suppose that the operators L and LT are such that, for any two functions u and v (belonging in general
to a suitably restricted class), one can write

(v,Lyu) = (Lfv,u) + J[v,u]. (1.5)

The expression J[u, v] is called the conjunct of u and v and depends on the values of these functions on the
boundary 02 of Q. Upon using this relation in (1.4) and the equation satisfied by G, (1.3), we find

(0,u) = (G, f)— J[G,u]. (1.6)
By the sifting action of the 4, the first term can be evaluated giving u(x)! and we thus have
u(x) = (G, f) - JG,ul, (17)

where, it will be noted, both (G, f) and J[G, u] are functions of x. The conjunct J involves u on the boundary
and therefore, given (1.2), it may or may not be completely known. For example, it might involve both u
itself as well as its normal gradient on the boundary, and it may be that only one or the other is known,
but not both. In this case, Eq. (1.7) is only a formal relation as the unknown appears on both sides of
the equation. But suppose that one can impose boundary conditions on G which eliminate the unknown
information about u: in this case (1.7) is the complete, explicit solution of the problem. A function G
determined in this way is called the Green’s function of the problem (1.1), (1.2). Physically, it frequently
represents the response of the system to a point source or a unit impulse. For this reason, depending on the
physical context, it is sometimes referred to as the fundamental solution or the impulse response.
If we substitute (1.7) into the original equation (1.1), we would write

Lou(x) = Lo (G, f) = La J[G,u] = (LG, f) = J[LeG,u] = f(x). (1.8)
For this equation to be satisfied it is evidently necessary that
L.G(y;x) = d(x—y) (1.9)

Since, by construction, the conjunct is evaluated for points y on the boundary, it is clear that, if this relation
is satisfied, L, G vanishes whenever x is not on the boundary so that (L,G, f) = 0. We thus see that the
Green’s function satisfies the adjoint equation in the first variable and the original equation in the second
one. The situation in which both x and y are one the boundary is a special one and needs to be addressed
specifically case by case.

LIf the scalar product is defined with a weight function w, we might get w(x)u(x) in place of u(x) depending on the form
of the 4.
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2 Poisson Equation

Consider the Poisson equation in three-dimensional space which, following convention, we write as?

Vouly) = —4nf(y). (2.1)

In order to find the Green’s function we first prove Green’s identity.

Let u and v be two sufficiently smooth functions defined in a volume V' and on the surface S of V. The
surface can consist of several disconnected pieces, which are collectively denoted by S. If the volume extends
to infinity, we suppose that v and v are well-behaved at infinity. It is trivial to prove that

vViu—uViv = V- (uVyu—uVyv). (2.2)

Upon integrating over the volume V' and using the divergence theorem we then have

/dgy (v VZU —u VZU) = /SdSy (vVyu —uVyv) - n,, (2.3)

where n,, is the unit normal directed outward with respect to V. If S consists of disconnected pieces, the
surface integral is to be understood as a sum over each piece. If V' is the domain exterior to some surface and
extending to infinity, S in this formula includes a surface at infinity; in most cases of interest the integral
over this surface vanishes. From Eq. (2.3) we read L™ and J:

Liv = Viv, Jv,u] = /SdSy (wVyu —uVyv) -n,. (2.4)

Now we write (1.3) in a slightly different form, motivated by (2.1):
2 . _
V,G(y;x) = —47mi(y —x). (2.5)
By suitably modifying (1.7) to account for the different signs and the extra factor of 47 we find

] 1 | ou(x) if xeV
/Vdgy fy)Gly;x) + E/Sdsy (GVyu—-uVy,G) n, = { 0 if x¢V - (2.6)

If the mathematical nature of the problem (2.1) required the specification of both u and n - Vu on S,
the formula (2.6) would be a closed-form solution of the problem only expressed in terms of the data. We
shall see that this is actually not possible, as the boundary conditions on S can only involve either u (and
in that case we refer to Dirichlet boundary conditions) or n - Vu (Neumann conditions). Because of this
circumstance, (2.6) in general is only an integral statement.

Remarks

1. The equation for G is linear and non-homogeneous and, therefore, its general solution is the sum of any
one particular solution and the general solution of the homogeneous equation. Since in three dimensions

2 1 (3)
= —4no(x —y), 2.7

a particular solution is
1

Gpart = Hu

(2.8)

2In electrostatics, the field E is minus the gradient of the potential and, if CGS units are used, Gauss’s law is written as
V - E = 47mp, where p is the charge density; in these units the potential of a point charge is g/r.
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which, when substituted into (2.6), gives

s [(y) 1 [ 1 B ( 1 )] :{u(x) if xeV
/de|x—y|+4ﬂ'/5dsy —|X_y|Vyu u 'V, ==yl n, 0 n xEV (2.9)

This relation is important, among other things, as the starting point for the boundary integral method, a
powerful method for the numerical solution of the Laplace equation. In electrostatics, Gpart is of course the
potential generated by a unit point charge located at x.

Returning to the general problem, in view of the linearity of the equation for G, we may write the most
general solution as

G(y;x) = + F(y;x), (2.10)

Ix -yl
where Vle =0.

2. In particular, if the volume V is the entire space and v — 0 at infinity, F' = 0 and, provided u decreases
faster than 1/|x|, the surface integral vanishes and (2.6) reduces to

u(x) :/ &) g, (2.11)

Ix -yl

which is a familiar result, e.g. from electrostatics. In this case, for example, the physical interpretation of
this result is obvious: given a charge distributed through space with a density f, each element of volume
can be considered a point charge of magnitude fd®y, and (2.11) is just the surperposition of the effects of
all these elementary volumes.

3. The surface integral in (2.6) is a solution of V2u = 0 at all points x ¢ S, since V?|x —y|~! = 0 at these
points. Hence the only part related to the non-vanishing right-hand side of Poisson’s equation is the volume
integral. Earlier we have already considered this equation and we have obtained a particular solution in the

form ,
XY 212
=0 m=—/¢
where
R Rjomos 4 TZ /Tf —rlg 0 /Tf 24 (2.13)
m = mT T — mT T .
¢ tm 20+1 ), " 20+1 ), """

with fen, = (Y™, f). It can be shown by taking a scalar product of (2.11) with Y;™, using the generating
function for the Legendre polynomials, and the addition theorem for the spherical harmonics, that the
particular solution corresponds to the volume integral (2.11) (up to factors of 4, etc.).

4. In two space dimensions one has
VZiog |x —y| = —270P(x—y), (2.14)

and the equation for G is written as
VG = —216P(x —y). (2.15)

Hence the particular solution analogous to (2.8) is

Gpart = log |x —y]|. (2.16)
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2.1 Dirichlet problem

In the Dirichlet problem u is prescribed on the boundary S. Suppose we can find a solution of the equation
for G such that G(y;x) =0 for y € S. If G is decomposed as in (2.10), the function F' must then satisfy

the condition 1

F(Y;X)Z—H

yeSs. (2.17)

With this choice we then we have

u(x) = /f(.V) Gy;x)d’y — i /SU(y)ainyG(y;x)dSy (2.18)

which represents an explicit solution to the problem. In this way, solving the problem is reduced to the
calculation of the appropriate G, dependent only on the geometry, after which any Dirichlet problem for the
Poisson equation with the given geometry can be solved by the previous formula for any boundary data. In
a formal sense, we may rewrite (2.18) as

uly) = (Vy,*)nf(y), (2.19)

where (V,?)p is the inverse of the operator V2 for the Dirichlet problem. We will see below in Eq. (2.34) a
formula for the Neumann problem which is similar in essence, but different in detail in view of the difference in
the information available on the boundary. This point illustrates that the complete definition of an operator,
in addition to the operations associated with the operator, must include a specification of the boundary
conditions.

We can show that the Green’s function G for the Poisson equation with Dirichlet boundary conditions is

symmetric, i.e.

G(xy) = G(y;x). (2.20)
To this end let
U(z) = G(z;x), V(z) = G(z;y). (2.21)
Then, from (2.5),
VU = -4 (z —x), V2V = —4x6®(z —y). (2.22)

Consider now Green’s identity (2.3) written for U and V. With (2.22), the left-hand side can be calculated
to be
dn [V(x) = Uly)] = / (UV.V = VV.U)-n, dS.. (2.23)
s
But, given that G has been so constructed as to vanish when its first argument z € S, the right-hand side

vanishes and we are left with
V(x) - Uly) = 0, (2.24)

which proves (2.20). Because of this symmetry, from now on we will not need to treat differently the variables
x and y.

Physically (2.20) implies a principle of reciprocity between source point and field point: the effect at x
(field point) of a point charge at y (source point) is the same as that at y of a point charge at x.

Example. As an application let us consider the problem outside a spherical boundary of radius a on
which u is given, u = U(x). To calculate the Green’s function we need to solve

ViG =V3v=—4m6® (x — X'), G(x;x') =0 x€S. (2.25)

Since we know that the result will be symmetric in x and x’, we do not need to worry about whether
the operator acts on one or the other argument. In one of the examples given for the Laplace equation in
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spherical geometry we have already solved this problem when G = wug on the sphere surface and from that
expression, setting ug = 0, we deduce
1 a/|x'| ,  a®> x

G = - h =
x—x]  x—xi] 00 T K

(2.26)

1 1
B \/7"2 + 72 — 2rr’ cosy \/7"27"’2/a2 + a? — 2rr' cos~y

(2.27)

where cosy = x-x'/[x||x/|. Clearly G(x;x’) = G(x';x), and G =0 on the sphere. To apply Green’s formula,
we need 0G/on':

oG oG r’ —rcosy (r?/a®)r’ —rcosvy

an’ ~ or [V/12 4+ 12 — 277 cos )3 - (/1212 [a? + a® — 2r7’ cos )3

(2.28)

where the minus sign arises from the fact that the normal is directed out of the domain of interest and,
therefore, into the sphere. Upon evaluating this expression on teh sphere, we find

2,2
a—G/ - i (2.29)
on'|,—y  aly\/r?+a%—2racos |3
Therefore s 9 —
u = /d3x/f(x') G(x;x') — ala” — 1) / (', ) dq)’, (2.30)
4 a [\/r? + a2 — 2ar cos 7]3

where cosy = cosf cos@’ + sinf sind’ cos(¢ — ¢'). For the Laplace equation f = 0 and this reduces to
Poisson’s exterior formula. For the interior problem 9/0n’ = 9/0r, the minus becomes a plus, and we
recover an earlier result.

2.2 Neumann problem

For the Neumann problem it would seem that the natural choice for the boundary condition on G would be
OG/0n’ = 0 on the boundary. However, integrating (2.5) over the volume and using the divergence theorem
we find that

/ds’n’-V’G = —4r, (2.31)
S

which would be violated if the normal derivative were zero. The simplest condition that would respect this

constraint is
47

VG = —— 2.32
n < (232)
on the boundary. Upon noting that
1
5 /dS’u(x’) =<u>g (2.33)
is the average of u over the boundary, Green’s formula becomes
1
u(x)— <u>g= /dV’f(x/) G(x';x) + 4—/ dS'G(x';x)n’ - V'u (2.34)
TJs

The constant < u >g is undetermined, but this lack of uniqueness is clearly inherent in the nature of the
Neumann problem where information is only given on derivatives of u. Of course, for the exterior problem,
if it is required that v — 0 at infinity (which is really a Dirichlet condition), < u >g = 0.

For the Neumann problem the symmetry of G is not automatic but can be imposed.
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3 The diffusion equation

Consider the non-homogeneous diffusion equation

ou

3 Vzu = fly,7) (3.1)

in a volume V and over the time interval 0 < 7 < t subject to boundary conditions that will be specified
later. In this case the domain {2 has a space-time nature including both V and 0 < 7 < t and we write
Q=V x(0,?).

Multiply (3.1) by a function G(y, 7;x,¢), and integrate over 7 from 0 to ¢t and over V in y:

/Otdr/VdVyG (%_Wu) - /Oth/VdVyGf(y,T) (3.2)

Some simple manipulations give

/oth/VdVy (_%—v%) uly,7) = /VdVy (Gly, 0:%,8) u(y, 0) — Gly, %, £) u(y, 1)

t t
+/ dT/ dSyn - (GVyu —uV,G) —|—/ dT/ av,G f(y, 7). (3.3)
0 s 0 %
Choose now G such that 5
o VG = 6O (x—y)d(t—T). (3.4)
- :

In order to use this relation to reduce the first term to u(x,t), we need to understand the integration over
7 in the sense

t t+e
/0 dr(...) = lim dr(...) (3.5)

e—0 0

Whe appropriate, we will write ¢ + 0 in place of ¢ to avoid confusion. Equation (3.4) shows that G has a
simple discontinuity across 7 = ¢, but no worse singularity (such as, e.g., a d-like behavior).

In most problems, one is concerned with an initial value problem in which data are prescribed at 7 = 0,
but not at the final instant 7 = ¢. This circumstance suggests to impose

G(y,t+0;x,t) = 0, (3.6)

Thus, we need to solve (3.4) backward in time.® Equation (3.3) becomes
t+0
u(x,t) = / dV,G(y,0;x,t) u(y, 0) +/ dT/ dSyn - (GVyu —uV,G)
1% 0 S

t4+-0
+/0 dT/VdVyG(y, Tix,t) f(y,7), (3.7)

which may be called the generalized Duhamel formula. This formula is valid in any number of space
dimensions. In one dimension, if the interval of interest extends for a < y < b, the surface integral in this
formula must be interpreted as

t+0 t+0 ou oG1v=b
dT/dSn- GV,u—-uV,G :/ dT[G——u—] . 3.8
A s Yy ( Yy Yy ) o ay ay y—a ( )

3For normal parabolic equations this causes stability problems, but the equal signs of the two terms in the left-hand side of
the diffusion equation (3.4) indicate that the diffusivity parameter is negative in this case (equal to -1 with our normalizations).
This is equivalent to solving a diffusion equation with positive diffusivity forward in time and no difficulties arise.
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To justify this interpretation one may think of a region in the form of a slab: the unit normal at y = b is
the unit vector in the positive y-direction, while that at y = a is the unit vector in the negative y-direction.
In order to make the definition of G unique, we need to specify boundary conditions; this can be done so

as to turn (3.3) into an explicit result.

Noting the difference in the sign of the time derivative between (3.4) and (3.1), one may say that G is to
be found by integrating backward in time the effect of a ‘puff’ of diffusing entity (be that heat, a solute, or

other) released at x at time ¢.

3.1 Dirichlet problem

Suppose that
u(y, ) = F(y,7) on boundary, u(y,0) = 0.

Choose then
Gly,m;x,t) =0 for yes

Duhamel’s formula (3.7) reduces to

t-+0 t+0
u(x,t) = —/0 dT/SdSyFn~ VyG—F/O dT/V av,G(y, m;x,t) f(y, 7).

Example. Consider the one-dimensional diffusion problem

ou 9%u

ar oy’
in 0 < y < 7, subject to the conditions
u(0,7) = F(7), u(m,7) =0, u(y,0) = 0.

The boundary condition (3.10) suggests to solve for G by using a Fourier sine series:

o0
Gy, m;2,t) = Zgn(T;:c,t) sin ny .

n=1
Upon proceeding in the usual way we are led to
0 2
I _ ng, = —= sin nx d(T —t)
or ™
which may be rewritten as
9 lexp(—n’T)gn] = _2 sin nx exp(—n?7)d(T — t)
or ™

= —Z sin nx exp(—n?t)s(t —t)
7T

Since we have a condition at 7 =t + 0, it is convenient to integrate from 7 to t + O:

2 t+0
exp(—n?t)gn (t + 0;2,t) — exp(—n?7)gn(T;2,t) = —= sin nx exp(—th)/ d(o —t)do
T

T
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where we have changed the name of the integration variable to avoid confusion with the starting point 7.
The first term vanishes due to (3.6) and the integral of the ¢ equals 1 only if 7 < ¢, which can be ensured by
writing the result of the integral as H(t — 7).* Hence we find

2
gn(T;2,t) = = exp[—n?(t — 7)) sinnzH(t — 1) (3.18)
T
so that
2 - 2
G=Z=H(t-7)) s i =), 3.19
- (t—71) 2 sin nz sin ny e (3.19)

When this expression is substituted into (3.11) and use is made of (3.8), the result is

¢
u(z,t) = / dr F(r
0

where we have dropped the H function since the integral is from 0 to ¢ anyway. This is the same result as
we found by using the Fourier series to solve (3.12) directly.

2 o0
— Z n sin nx e =7 , (3.20)
T

3.2 Neumann problem

If now
n-Vu(y,7) = H(y,7) on boundary, u(y,0) = 0, (3.21)
we choose
n, -V,G(y,7;x,t) =0 for yeS, (3.22)
to find
u(x, t) /dT/dSGy,Txt (y,7 /dT/dVGy,Txt)f(y7 T), (3.23)
3.3 Initial-value problem
Let
uly,7) =0 on boundary, u(y,0) = uo(y). (3.24)
We take
Gly,7;x,t) =0 for yes (3.25)
and
u(x,t) = / dV,G(y,0;x,t) uo(y / dT/ av,G(y,m;x,t) f(y, 1), (3.26)
Similarly, if
n-Vyu(y,7) =0 on boundary, u(y,0) = vo(y), (3.27)
we choose
n, V,G(y,7;x,t) = 0 for yes (3.28)
and
u(x,t) = / dV,G(y,0;x,t) vo(y / dT/ av,G(y,m;x,t) f(y, 1), (3.29)

4Note that, as implied by our notation ¢ + 0, in principle the variable T ranges between 0 and an arbitrarily small amount
past t.
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Example. Consider the one dimensional problem (3.12) on the infinite line —oo < y < 0o, with conditions
u — 0 at infinity and
u(y,0) = F(y). (3.30)

The solution of (3.4) decaying at infinity can be found e.g. by means of the Fourier transform and is

M} . (3.31)

G(y77';.’177t) = m exp |:_4(t—7')

The solution of the problem takes then the well-known form

u(z,t) = #ﬁ /O:O dy F(y) exp {—%] . (3.32)

4 Sturm-Liouville Problems

Let us now consider a problem of the form (1.1) in which the operator L is an ordinary differential operator
on the interval a < x < b with the form

d
dzr

du

Lu = P@%—}+ﬂ@u. (4.1)

dx

The given functions p(x) and ¢(x) are real, p, p’, and ¢ are continuous. We assume that p does not vanish or
change sign in [a, b] and therefore, without loss of generality, we may assume and p > 0. If [a, b] is finite and
the assumptions on the coefficients hold in the closed interval (i.e., including the end-points), the problem
is said to be regular, otherwise it is singular.®
To completely specify the operator, we need to give the boundary conditions which we take to be of the
fairly general type
ajiu(a) + aju’(a) = 71, azs1u(b) + azeu' (b) = 2 (4.2)

where the a;; are real constants. Note that, while general, this class of boundary condition is not the most
general one as it does not “mix” information at the two endpoints. For example, we are excluding a condition
of the type u(a) + Bu'(b) = 7. This we do for simplicity.

5The standard Sturm-Liouville form (4.1) is less restrictive than it might seem. Indeed, consider the general second-order
linear differential operator
Du = F(z)u” + G(z)u' + Hu

Let us look for a multiplicative factor ¢ such that

$Du = —(pu') +qu,

!
%:% = p=A oxp(/%dm)

which will be positive if we take the integration constant A > 0. Furthermore, we must have

for some p and q. Clearly we must have

Take the ratio

o=-L, q=oem=-E0.
Hence, given the problem
Du=f,
we can transform it to
¢Du = —(pu') +qu = ¢f,
which has the standard Sturm-Liouville structure (4.1).
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To derive the analog of (1.5) we multiply the left-hand side of (4.1) by v and integrate by parts to find

b b
[ oty s de = [ =u) + qolude + p @' o), (43)
from which we see that LT =L and
J = [pu-— vu')]z : (4.4)
The Green’s function now satisfies
d dG
i [ E] +awr6 = st - . (45)

The presence of the § in the right-hand side effectively breaks the interval in two parts and therefore, while
G satisfies the homogeneous equation for x # y, its form for x < y is not necessarily equal to that for = > y.
Thus, we write

G(z;y) = Mw—(2)H(z —y) + Aawy (2)H(y — x), (4.6)

where A, are constants to be suitably chosen below and wy are two (for the time being, unspecified)
solutions of the homogeneous equation®

d
dx

dwy

) | ) s = 0. (47)

Upon substitution of (4.6) into (4.5), by (4.7), one is left with

() Paws(y) — Xw—(y)] 8" (x — y) + p(y) [Maw (y) — 2w’ (y)] 6(z —y) = d(z —y), (4.8)

where we have used thefact that f(z)d(z —a) = f(a)d(x —a). Since there is no §’ in the right-hand side to
balance that in the left-hand side, we must require that

Aawy (y) — Npw_(y) = 0, (4.9)
i.e., that the Green’s function be continuous at z = y. Balancing the other terms then leads us to
1
Ay (y) — M’ (y) = —. 4.10
+(y) (v) e (4.10)
Equations (4.9) and (4.10) can be solved for A, to find

w—(y)
py) W(y;w_,wy)’

w (y)
py) W(y;w_,wy)’

Ao = Ao = (4.11)

in which W (y;w_,w4) = w_(y)w’ (y) —wy (y)w’ (y) is the Wronskian of the two solutions w4 evaluated at
y. To calculate this Wronskian we recall that, given A(z)u” + B(z)u’ + C(x)u = 0, the Wronskian of any
two solutions satisfies 0w B
— =W 4.12
dx A ( )
so that W = Wy exp (— (B /A)dm), in which Wy is a constant depending on the two particular solutions
for which the Wronskian is being calculated. In the present case A = —p, B = —p’, and therefore

W(z;w_,wy) = , (4.13)

p(@)

60bviously, since w+ are so far unspecified, we could absorb the constants Aa,p in w4 but, if we did not show them explicitly
here, we should include two undetermined multipliers in the right-hand sides of (4.19) and (4.22). The argument is cleaner by
inserting them here.
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so that (4.11) reduce to

_wi(y) _w-(y)
Ny = ;Vo D Y W (4.14)
and 1
G(r;y) = W (W (Y)w—(z)H(z — y) + w_(y)wi(z)H(y — )] . (4.15)

This result may be written in a more compact form by noting that, in both terms, the function w_ has as
its argument the greater one of x and y, while the function w4 has the smaller one. If we therefore let

> = max(z,y), @< = min(z,y), (4.16)

we may write
w_(z>)w (v<)
Wo ’

Let us now consider the part of the conjunct evaluated at = a. Since a < y, G(a;y) = Aqw4(a). Hence

G(zyy) = (4.17)

[p (0.Gu — Gu),_, = pla)ha [, (@)u(a) - wi (@) (a)] - (4.18)
Upon comparing with the first boundary condition (4.2), we see that it would be advantageous to choose”
wi(a) = —az, ' (a) = a1y, (4.19)
because then

a
) ha [ (0)u(e) = w0 (@)] = Aapla) lansua) + anaa'(@)] = Aapla) = Bbur e (420
Equations (4.19) are two ‘initial’ (i.e., at = a) conditions which fully determine the solution w; of (4.7).
Proceeding similarly at x = b, we have
[p (0.Gu— Gu)],_, = p(b)Ay [w’_(b)u(b) — w_(b)u'(b)] , (4.21)

and, upon choosing
w_(b) = —as2, ’U}L(b) = azi, (422)

we find

p(b)

P02 [w! (B)u(b) —w-(0)w' (B)] = Asp(b) [aziu(d) + azu'(B)] = Aap(b)r2 = =

wi(y)r2.  (4.23)
In conclusion, we have found that®

p(b)

() (4.24)

b
uy) = [ Gl f)ds m%‘?w_(y) o

7A solution of the differential equation (4.7) subject to these conditions at the same end-point of the interval is guaranteed
to be exist when p(a) # 0 as assumed here.
8For the constant Wy we have

Wo = pla) [w-(a)w, (@) — ' (@)ws(@)] = p(B) [w—(B)uwly (5) — v’ (B (B)]
or, from (4.19) and (4.22),

Wo = p(a) [allw,(a) + ajow’ (a)] = —p(b) [azzwﬂr(b) +a21w+(b)] .
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It is useful to verify that this is indeed the correct solution. We consider the three terms separately. The
first term should be a particular solution of the non-homogeneous equation. Written out in detail it is

b Ywy(z bw_(z
wariy) = [ Gespr@) e = w-ty) [ D p@yar ity [ rwan, @
and ) .
o) = ) [ @y ao v at) [ pwae (4.26)

With these relations the differential equations is readily seen to be satisfied. As for the boundary condition
at a, we find

b
a11tpart(a) + ar2upe, () = [aniwy (@) + arzw’y (a)] / wI;V(;C)f(I) dr =0, (4.27)

in view of (4.19). The same result holds at y = b. Hence, as constructed, e is the particular solution
that satisfies homogeneous boundary conditions. Let us now turn to the second term of (4.24). At y = a,
by using (4.19), we have

P farrw- (@) + ane @)] = B fu_ @ty (@) — ol @y @) = B2W @ we) = 1, (429)
while, at y = b, @
pla / _
WO [aglw, (b) + a22W_ (b)] = 07 (429)

by (4.22). Conversely, the term multiplying 75 in (4.24) is seen to vanish at y = a and to equal 1 at y = b.
It can be easily verified that the preceding results can be expressed in an alternative way by defining two
solutions v1 and vy of the homogeneous equation (4.7) subject to the boundary conditions

avi(a) + apvi(a) = 1, azv1(b) + azui(b) = 0, (4.30)
and
allvg(a) + a12’U/2(a) =0, (121’()2(1)) + a22’l)/2(b) =1. (431)
In terms of these new functions we may write
b
u(w) = [ Glasy)f(@)do + 3a01(y) + ava(y). (4.32)
where, from (4.24),
b
vi(x) = ]%?w_ (x), va(z) = _I%O)w.i_(x) . (4.33)
and also
Olazy) = 22 02l<) (4.34)
Wo
where? )
Wo = p(a) W(x;v1,v2) . (4.35)
9Indeed, from the definition of v1,2, we find
W (z;v1,v2) = —% W(z;w—,wy).
0

Recalling that pW is a constant and evaluating e.g. at = a we find Wy = -p(a)p(b)/Wo while, from (4.17),
Wo

G = =)

vi(z>)va(z<).

GF-12



Summarizing, in order to find the Green’s function for (4.1), we find the two solutions of (4.7) satisfying
(4.30) and (4.31), calculate the constant Wy in their Wronskian from (4.35), combine them according to
(4.34), after which the solution of the problem is given by (4.32).

It is easily verified from the previous developments that the Green’s function that we have constructed
satisfies the following properties:

(A) From (4.17) or (4.34), G is symmetric: G(z;y) = G(y; ). Thus, the variable y in (4.24) or (4.32) can
be changed to x without other modifications;

(B) From (4.9), G is continuous at & = y;
(C) From (4.10), 0G/dx satisfies the jump condition

1
0G| 0G| 1 w30
ox |, Oz, _ p(y)
and, also, due to the symmetry in x and y,
oG oG 1
- il = - 4.37
o |, Oyl p(z) (4.37)

(D) G satisfies the differential equation (4.5), written both as an equation in z and as an equation in y.
Hence G is a fundamental solution of the equation;

It is interesting to give the following interpretation of the particular solution (4.25). We can write

)= D SE) Hw = &) = Hlw = &)] = D f(&) H'(@ = &) A& =3 (&) 0z = &) A& (4.38)

and we can write Upqr¢ as
Upart = Zf Aé-z ‘T 51)7 (439)

which, upon comparison with (4.38), shows that G(z,&;) is the effect at z of a unit “load” or “source” located
at & (Fig. 1).

Example. Consider the one-dimensional Helmholtz equation

u” + k*u = f(z) 0O<zx<L (4.40)
subject to
u(0) =0 u(L) = 0. (4.41)
The solution of the homogeneous equation satisfying (4.30), i.e. v1(0) =1, v1(L) = 0 is
_ sin k(L —x)
T T i kL (4.42)

while the solution satisfying (4.31), i.e. v2(0) = 0, vo(L) = 1 is

sin kx
= 4.43
2 sin kL ( )
In this case p = —1 and therefore
ksin k(L — ) cos kx + kcos k(L — x)sin kx
Wo = pW = —(vn1vh —vivg) = — ( ) — ( )
sin“ kL
k

= ——F 4.44
sin kL’ ( )
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which is indeed a constant. Thus

o - vi(zs)va(rc) _ sin k(L —as)sinkae  cos k(L -5 —2c) —cos k(L — x> +2<)
B Wo N k sin kL B 2k sin kL
_cos k(L — |z —¢|) —cos k(L —x—¢)
N 2k sin kL (4.45)

For future reference note that the solution breaks down if sin kL = 0.

4.1 An alternative derivation

The same result (4.24) can be derived in an alternative by using the method of variation of parameters.
Following the standard procedure, we let

u = A(z)vi(x) + B(z) va () (4.46)
and note that the equation may be written
/
w+ P — Ly = f (4.47)
p p p
In the usual manner we find
’UlA/ + 'UQB/ =0 (448)
v A"+ vhB = —% (4.49)
from which F F
=2 L2y gL 4.50
W(ziv,v) p W / W (z;v1,v2) p Wo (450
Integrating (4.50) we then find
A + ! /x fd¢ B =3+ ! /b fd¢ (4.51)
= —_ ( = —_ v .
WO a ? WO x '

where the limits of integration have been chosen for later convenience and without loss of generality since
the integration constants «, § are, for the moment, unspecified. Hence we have

1/ 1 b
u = [Q+W_O/¢1 v2(8) f(€) dﬁ] vi(z) + 6+W_O/x vl(f)f(f)dﬁl v2() (4.52)
and also ,
f= N zv v L v V3
u = [a+V~VO/a gfdg} 1+ 6+V~Vo/x 1fd§] 5 - (4.53)

Now we apply the boundary conditions (4.30) and (4.31) to find

a =, B =. (4.54)

so that the final form for u is

u = [71 o [w@re ds} o (@) +

b
72+Wi0/1 v1(€) f(§) d&] va(z), (4.55)

which may bw rewritten as

b
U = 71U1 + Y22 +/ G(x,€) f(§) d§ (4.56)
with G(z,§) given by (4.34).
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4.2 Remarks and applications

It is interesting to review the procedure we have used to find the Green’s functions and to consider what
steps require properties that may or may not be fulfilled in a specific problem.

To start with, note that in our development the quantity W, appears in the denominator. Since
p(x)W(w_,wy) = Wy, it is clear that, if p vanishes at xzg € [a,b], then Wy = 0 unless the vanishing of
p is compensated by a suitable divergence of W. Hence cases in which p vanishes at a point may have to be
handled with particular care. This is one of the reasons why we have stipulated in section 4 that p > 0 even
though there are practically important cases where p vanishes at an endpoint of the interval of interest. For
instance, for the Bessel equation in an interval 0 < r < L, we have p(r) = r, but, from the general theory of
the Bessel functions, W = Wy /r and therefore p(r)W = Wy is well-defined.

4.2.1 Solvability of the non-homogeneous problem

Another important case in which the Wronskian may vanish is when the completely homogeneous problem
d dv

—— | p— =0 4.57

o (p dz) +qu (4.57)

ajv(a) + aypv'(a) = 0, az1v(b) + agv'(b) = 0, (4.58)

has non-zero solutions. To see this, note first that, up to a multiplicative factor, only one such solution
can exist. Indeed, suppose that v and ¥ were two such solutions. Note that 0 is also a solution of the
homogeneous problem and, since only two linearly independent solutions can exist, 0 must be expressible as
a linear combination of v and :

av+ 0o =0, (4.59)

which shows that v and ¥ are proportional to each other against the hypothesis. So let us assume that
there is one solution v of the completely homogeneous problem, and let w be another linearly independent
solution. Then we may write

wy = av+ fw, w_ =yv+ow. (4.60)

Upon imposing the boundary condition (4.19) we then have
a1 [av(a) + fw(a)] + a2 [av'(a) + Bw'(a)] = 0, (4.61)
from which, since v satisfies the homogeneous condition,
ajpw(a) +apw' (a) = 0, (4.62)

and similarly, at b,
a1 w(b) + ag9 w/(b) =0. (463)

But these relations show that w also satisfies the completely homogeneous problem and, by the previous
argument, must then be proportional to v. We thus conclude that both wy and w_ are proportional to v
and therefore to each other. In this case, as is well known, their Wronskian vanishes.

Example. We find an instance of this phenomenon in the example at the end of the previous section
where, proceeding with the construction outlined before, we find

wy = sin kx, wo = sin k(L — z) . (4.64)
The completely homogeneous problem has a non-zero solution if sin kL = 0 and, in this case indeed

wg = sin kL cos kx — cos kL sin kx = sin kx = —w; (4.65)
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and no G can be constructed, as already pointed out at the end of the last section. When this happens, the
solution of the inhomogeneous problem may be impossible or undetermined depending on f. For example,
suppose that kL = w. Then if, for example f = 1, the general solution is

L2
u = — + Asin kx + Bcos kx (4.66)
i

and the boundary conditions u(0) = u(L) = 0 give

L? L?
u(O):ﬁ—i—B:O, u(L):F—Bzo, (4.67)
which are mutually inconsistent. Hence no solution exists for this f. On the other hand, if f = 2 — L/2 the
general solution is

L? 1
u——2<x——L)+Asink1:—|—Bcoskx (4.68)
s 2
and now the boundary conditions give
L3 L3

which are consistent, but leave A undetermined. The root of the difficulty lies in the fact that k = 7/L is
an eigenvalue of the problem u” + k?u = 0, u(0) = u(L) = 0. The situation in cases in which this happens
will be clarified by the Fredholm alternative theorem to be discussed later in the course.

The above arguments prove the (first part of the) following

Theorem: If the completely homogeneous boundary value problem has only the trivial solution, then
the inhomogeneous problem (4.1), (4.2) with f,~1,v2 admits a solution, which is also unique.

The last part (uniqueness) can be proven as follows: let w1, u2 be two solutions. Then u = u; — uo satisfies

the completely homogeneous problem. Since this has only the trivial solution, it follows that u; = ua.

4.3 The eigenvalue Sturm-Liouville problem

In introducing the Fourier series we considered the eigenvalue problem

dPw

@2)«1} a<z<b, (4.70)

with various two-point boundary conditions. In studying eigenfunction expansions in cylindrical coordinates
we encountered Bessel’s equation:

d ([ dw\ m?
- (TE) + Tw = \rw Ri<r<R,. (4.71)

In studying the Laplacian in spherical coordinates we were led to the consider the eigenvalue problem

d dw m2
—— |l -2)H= |4+ ——w = -1 1 4.72
dm[( z)dx} . w = Aw <z < (4.72)

2
with w regular at = £1. These equations were solved subject to boundary conditions of the type
ajiu(a) + ajpu'(a) = 0, azu(b) + axu’(b) = 0, (4.73)

where the a;; are real constants.
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All these examples are special cases of the general Sturm-Liouville eigenvalue problem
Lu = As(z)u, (4.74)

where the operator L is defined in (4.1); we assume that s is continuous and s > 0. These problems are
classified as regular or singular in the same way specified earlier after Eq. (4.1). Thus, the problem (4.70)
is clearly regular on a finite interval, but singular if the interval is infinite. In the former case we have to
supply boundary conditions at the end-points. The problem (4.71) is regular if Ry > 0, but singular if Ry =
0. '° In the former case one needs a specific boundary condition at Ry, while in the latter specification of
regularity at 0 is sufficient. The problem (4.72) is singular and only regularity boundary conditions at +1
were needed.

We have used the Sturm-Liouville eigenfunctions that we have encountered to set up orthogonal bases
in the Hilbert spaces in which we were solving various problems. As we will show, there is a general theory
which justifies what we have done and shows the broad generality of the method. In order to do this, we
need to set up some elements of operator theory. For the time being we simply observe that, from (4.24) or
(4.32), we may rewrite the problem (4.74) in the equivalent integral form

b
u(z) = A / G, ) 5(6) u(€) d (4.75)

In this way, the differential eigenvalue problem (4.74) has been transformed into an eigenvalue problem for
the linear integral operator
Ku = pu (4.76)

where p = 1/\ and
b
(Ku)(x) = / G, €) s(€) u(€) dt (4.77)

We shall see that the eigenvalue problem for K is more tractable than the original one for L.

5 Well-posed problems
According to a classification due to Hadamard, a mathematical problem is well posed iff

1. It has at least one solution
2. That solution is unique

3. The solution depends continuously on the data, i.e., a ‘small’ difference in the data, produces solutions
that are ‘close’ to each other.

When the Green’s function exist, one can easily establish the validity of these properties. First of all, the
very existence of the Green’s function permits to construct one solution, which takes care of the first point.

To prove uniqueness, let uy,us be two solutions. Then u = u; — us satisfies the completely homogeneous
problem and, since there are no data to drive the right-hand side of (1.7), we find u; — us = 0.

To prove continuity with respect to the data, let us start by considering two inhomogeneous problems
with f1, f2, but the same boundary conditions. Then, from (1.7), we have

lur —uz| = [(G, fr = f)| |G || fr = f2 Il (4.78)

where use has been made of the Schwartz inequality. Note that, here || G || is the norm of G considered as
a function of the integration variable, i.e., y. Hence || G || is still a function of x but, whenever f; is ‘close’

10This is actually a particularly “mild” form of singularity.
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to fa, provided || G || is not singular, we find that uy will be ‘close’ to uz. In some cases, the argument can
be strengthened by using the maximum norm in place of the L? norm. For example, for the Sturm-Liouville
problem, we have

b b
iy — g = / G, &) [F1(6) — F2(6)) de| < / G| |1 — fol de

IN

b
(sup |f1—fz|> [ 161, (4.79)
b a

a<lz<
If we now consider two problems with f; = fs, but different boundary data, we have from (1.7)
lur —uz| = [(J]G, u1] = (J]G, uz]], (4.80)

where, by suitably choosing the boundary conditions on G, the right-hand side can be made to depend only
on the boundary data. For the Sturm-Liouville case this result is exceedingly simple:

lup —us| = |1 =il |G, (4.81)

and u; is close to ug if ¥ is close to v#, and similarly for the boundary condition at the other end-point.
In spaces of higher dimensionality, the conjunct is an integral and an estimate similar to (4.78) can be
developed.

As another example of the idea of continuous dependence on the data of the problem consider the
prototypical elliptic equation, i.e. Laplace’s equation:

8%y O%u
7 T g =0 (4.82)

and a similarly well-known example of a hyperbolic equation, the wave equation:

0%u  03%u B

Here we use the same variable names for both cases to stress analogies and differences. For the same reason,
in both cases, let us consider the problem in the same domain, namely

0<ax<1, 0<y<L. (4.84)
In the examples that we look at we also impose the boundary conditions
u(0,y) =0, u(l,y) =0, 0<y<L. (4.85)

The first case we consider is that of the Cauchy problem, in which the function and its normal derivative
is specified on (part of) the boundary. If y were time, this would be the initial-value problem. Hence let

u(x,0) = € sin nrz, %(x, 0)=0, (4.86)
Y

where n is an integer, together with the boundary conditions (4.84). It is readily verified that the solution
to this problem for the wave equation (4.83) is

u(z,y) = € sin nwrx cosnwy. (4.87)

This solution remains bounded no matter what n is selected. For Laplace’s equation (1), on the other hand,
the solution is
u(x,y) = € sin nwz coshnry, (4.88)
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which blows up for large n.

Consider now a problem of the so-called boundary-value type, in which we prescribe u on the entire
boundary and do not impose anything on its derivatives. Thus, in addition to (4.84), we require for example
that

u(z,0) =0, u(z, L) = esin nrx. (4.89)

Now it is easy to verify that the solution of the Laplace equation (4.82) is

. sinh nmy
u = € sin nwx

- 4.90
sinhnrmL ( )
which is well-behaved no matter what n is. However, the corresponding solution for the wave equation (4.83)
is

sin nmy

(4.91)

U = € sin nTr — ,
sin nwL

and now the solution will blow up, or nearly blow up, for all the n’s such that nL is (close to) an integer.
We conclude that the type of problems that make sense —i.e. which are well posed — for the wave equation
are of the Cauchy type, while those that make sense for the Laplace equation are of the boundary-value type.
Until recently, it was assumed that only well-posed problems could arise in mathematical modeling.
Recently, however, a number of ill-posed problems (e.g. in tomography and other inverse problems) have
been shown to have major practical significance.
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