Chapter 11

Green’s Functions

11.1 One-dimensional Helmholtz Equation

Suppose we have a string driven by an external force, periodic with frequency
w. The differential equation (here f is some prescribed function)

<82 1 92

a2 2o

) U(z,t) = f(x)coswt (11.1)

represents the oscillatory motion of the string, with amplitude U, which is tied
down at both ends (here [ is the length of the string):

U,t)y=U0(,t)=0. (11.2)
We seek a solution of the form (thus we are ignoring transients)

U(z,t) = u(x) coswt, (11.3)
so u(x) satisfies

(dd_ 1Y ula) = f(a), k= wfe (11.4)

The solution to this inhomogeneous Helmholtz equation is expressed in terms of
the Green’s function G (z,z’) as

1
u(z) = / dr' Gy (z,2") f(2"), (11.5)
0
where the Green’s function satisfies the differential equation
d2 2 / /
@—i—k Gr(z,2') =6(z —2). (11.6)
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As we saw in the previous chapter, the Green’s function can be written down
in terms of the eigenfunctions of d? /dx?, with the specified boundary conditions,

2
(% — /\n> up(z) = 0, (11.7a)
un(0) =u,(l) = 0. (11.7Db)

The normalized solutions to these equations are

2 2
un(:v)Z\/;sinnlﬂ, Anz—("l—”), n=1,2,.... (11.8)

The factor /2/l is a normalization factor. From the general theorem about
eigenfunctions of a Hermitian operator given in Sec. 10.5, we have

2 l
—/ drsin 22 sin T8 = 5. (11.9)
1) I I

Thus the Green’s function for this problem is given by the eigenfunction expan-

sion
nmwr nTrm’

o0 . .
sin 27% gin
Gr(z,2) = kz_l(m)z,l : (11.10)
n=1 1
But this form is not usually very convenient for calculation.
Therefore we solve the differential equation (11.6) directly. When x # z’ the
inhomogeneous term is zero. Since

Gk((), I/) = Gk(l,:c’) = 0, (11.11)

we must have
x<z':  Grlz,2') = a(2)sinkz, (11.12a)
x>z Gr(z,2') =bx')sink(x —1). (11.12b)

We determine the unknown functions a and b by noting that the derivative of G
must have a discontinuity at x = 2, which follows from the differential equation
(11.6). Integrating that equation just over that discontinuity we find

w’-l—e d2
/ da (@ + k2> Gr(z,2") =1, (11.13)
or
d z:x'Jre
%Gk(x,x’) =1, (11.14)

because 2¢Gy(2’,2') — 0 as € — 0. Although d%Gk (x,2') is discontinuous at
x =2, G(x,2') is continuous there:

w'-l—e d
deG(x,x’)

’

G +¢6,2') - G@ —e,2') = /

T —e€
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z’ d , x’Jre d ,
= d:vd—G(x,x ) + dxd—G(:v,:E )

e x ) x
= e[iG(x,x’) + iG(:zc,;zc') }, (11.15)
dx vl € dx weal &
where by the mean value theorem, 0 < ¢ <€, 0 < & < €. Therefore
z=a'+€
G(x,z’) =0() -0 as e— 0. (11.16)

Now using the continuity of G and the discontinuity of G’, we find two
equations for the coefficient functions a and b:

a(z")sinkz’ = b(z")sink(z' — 1), (11.17a)
a(z")kcoskx’' +1 = b(2')k cos k(x' —1). (11.17b)
It is easy to solve for a and b. The determinant of the coefficient matrix is

sinke’ —sink(2’ —1)
kcoskx' —kcosk(z' —1)

’ = —ksinkl, (11.18)

independent of z’. Then the solutions are

110 —sink(a'—1) sink(z’ —1)
n ot I el S
a(z’) = D ‘_1 kcosk(z' — 1) sl (11.19a)
1| sinka’ 0 sin kz’
N = = = —
b(z') = D | kcos ke’ —1 ppesanl (11.19b)
Thus we find a closed form for the Green’s function in the two regions:
ink(x' —1)sinkx
L Grlwal) = 2 11.20
T (@, 2) skl (11.20a)
sinkz' sink(z — 1)
" G " = 11.20b
T K, 2) Jo sin kl ’ ( )
or compactly,
Gi(z,2') = Py sinkz . sink(zs — 1), (11.21)
where we have introduced the notation
. is the lesser of z, 2/,
T~ is the greater of x,z’. (11.22)

Note that Gi(z,2') = G (2', x) as is demanded on general grounds, as a conse-
quence of the reciprocity relation (10.110).

Let us analyze the analytic structure of G (z, ') as a function of k. We see
that simple poles occur where

kl=nm, n=%1,42 ... (11.23)
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There is no pole at k = 0. For k near nr/l, we have
sin kl = sinnm + (kl — nm)cosnm + ... = (kl —nm)(=1)". (11.24)

If we simply sum over all the poles of G, we obtain

,, 8in 2= sin B (2, — 1)

Gi(z,2') = 3 - — L

’
3 nmTx nmwx

- i sin 27 sin 2%
N mr(k—"”)

= 2 ! 1
=Y Zsin i T~ (11.25)
l l I 2 _ (%)

This is in fact equal to Gj, as seen in the eigenfunction expansion (11.10),
because the difference is an entire function vanishing at infinity, which must be
zero by Liouville’s theorem, see Sec. 6.5.

11.2 Types of Boundary Conditions

Three types of second-order, homogeneous differential equations are commonly
encountered in physics (the dimensionality of space is not important):

1 02
ic: 2 _——— =
Hyperbolic: (V = 8152) u(r,t) =0, (11.26a)
Elliptic: (V4 k%) u(r) =0, (11.26h)
10
ic: 2 —_——— =
Parabolic: (V - Bt) T(r,t) =0. (11.26¢)

The first of these equations is the wave equation, the second is the Helmholtz
equation, which includes Laplace’s equation as a special case (k = 0), and the
third is the diffusion equation. The types of boundary conditions, specified
on which kind of boundaries, necessary to uniquely specify a solution to these
equations are given in Table 11.1. Here by Cauchy boundary conditions we
means that both the function w and its normal derivative du/0n is specified on

the boundary. Here

% =1n-Vu, (11.27)

where 1 is a(n outwardly directed) normal vector to the surface. As we have
seen previously, Dirichlet boundary conditions refer to specifying the function
u on the surface, Neumann boundary conditions refer to specifying the nor-
mal derivative Ou/dn on the surface, and mixed boundary conditions refer to
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| Type of Equation | Type of Boundary Condition | Type of Boundary |

Hyperbolic Cauchy Open
Elliptic Dirichlet, Neumann, or mixed Closed
Parabolic Dirichlet, Neumann, or mixed Open

Table 11.1: Boundary conditions required for the three types of second-order
differential equations. The boundary conditions referred to in the first and third
cases are actually initial conditions.

specifying a linear combination, au + B0u/dn, on the surface. If the specified
boundary values are zero, we say that the boundary conditions are homogeneous;
otherwise, they are inhomogeneous.

Example.

To determine the vibrations of a string, described by

02 1 02
— == = 11.2
<8$2 c? 8t2> u=0, (11.28)
we must specify
@0, 2,0 (11.29)
u(,0), (=, .

at some initial time (¢ = 0). The line ¢ = 0 is an open surface in the (ct,x)
plane.

11.3 Expression of Field in Terms of Green’s
Function

Typically, one determines the eigenfunctions of a differential operator subject
to homogeneous boundary conditions. That means that the Green’s functions
obey the same conditions. See Sec. 10.8. But suppose we seek a solution of

(L-Ny=S5 (11.30)

subject to inhomogeneous boundary conditions. It cannot then be true that
v) = [ (@) Glrx)S (). (11.31)
v

To see how to deal with this situation, let us consider the example of the
three-dimensional Helmholtz equation,

(V2 4+ E2)e(r) = S(r). (11.32)
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We seek the solution 1 (r) subject to arbitrary inhomogeneous Dirichlet, Neu-
mann, or mixed boundary conditions on a surface ¥ enclosing the volume V' of
interest. The Green’s function G for this problem satisfies

(V2 4+ E5)G(r,v') = 6(r — /), (11.33)

subject to homogeneous boundary conditions of the same type as ¢ satisfies.
Now multiply Eq. (11.32) by G, Eq. (11.33) by %, subtract, and integrate over
the appropriate variables:

[ @) (6092 1)0(a") = () (9 + )Gl
- /V(dr') G(r, 1)) — $(')3(x — 1')]. (11.34)

Here we have interchanged r and r’ in Egs. (11.32) and (11.33), and have used

the reciprocity relation,
G(r,v') = G(',r). (11.35)

(We have assumed that the eigenfunctions and hence the Green’s function are
real.) Now we use Green’s theorem to establish

— /Eda- [G(r,r)V')(r') — (') V'G(r,1')]

/ / no_ 7/}(1.)7 rcV,
+ /V(dr )G(r,r")S(r") = { 0, rdV (11.36)

where in the surface integral do is the outwardly directed surface element, and
r’ lies on the surface ¥. This generalizes the simple relation given in Eq. (11.31).

How do we use this result? We always suppose G satisfies homogeneous
boundary conditions on Y. If v satisfies the same conditions, then for r € V'
Eq. (11.31) holds. But suppose v satisfies inhomogeneous Dirichlet boundary
conditions on X,

V()| ey = Yo(r'), (11.37)
a specified function on the surface. Then we impose homogeneous Dirichlet
conditions on G,

G(r, 1) 0. (11.38)

r'ex
Then the first surface term in Eq. (11.36) is zero, but the second contributes.
For example if S(r) = 0 inside V, we have for r € V

w(r) = /Eda VG )t (), (11.39)

which express 1 in terms of its boundary values.
If 4 satisfies inhomogeneous Neumann conditions on ¥,

o N
%(r) = N(r'), (11.40)

r'ex
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a specified function, then we use the Green’s function which respects homoge-
neous Neumann conditions,

9]
_G(rar/) = 07 (1141)
on’ e
so again if S = 0 inside V', we have within V'
P(r) = —/ do G(r, r')N(r'). (11.42)
b

Finally, if ¢ satisfies inhomogeneous mixed boundary conditions,

= F(r'), (11.43)

[%w(rﬂ + Oé(r')'/’(r')] ves

then when G satisfies homogeneous boundary conditions of the same type

{% + a(r’)} G(r,r)| =0, (11.44)

r'ex

we have forr e V

w(r)z/v(dr') G(r,r')S(r’)—/daG(r,r’)F(r'). (11.45)

11.4 Helmholtz Equation Inside a Sphere

Here we wish to find the Green’s function for Helmholtz’s equation, which sat-
isfies
(V2 + k2)Gi(r,x') = 5(r — 1), (11.46)

in the interior of a spherical region of radius a, with homogeneous Dirichlet
boundary conditions on the surface,

G(r,1') =0. (11.47)
We will use two methods.

11.4.1 Eigenfunction Method

We know that the eigenfunctions of the Laplacian are
Gi(kr)Y,™ (0, ¢), (11.48)
in spherical polar coordinates, r, 8, ¢; that is,

(V2 + k25, (kr)Y;™ (6, ¢) = 0. (11.49)
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Here j; is the spherical Bessel function,

Ji(x) = \/%Jl-'rlﬂ(x)a

and the Y} are the spherical harmonics,

20+ 1 (1 —m)!
dr (I 4+m)!

(0.6 - |

1/2 .
] P"(cos §)e™?,

CHAPTER 11. GREEN’S FUNCTIONS

(11.50)

(11.51)

where P/™ is the associated Legrendre function. Here [ is a nonnegative integer,
and m is an integer in the range —! < m < [. For example, the first few
spherical Bessel functions (which are simpler than the cylinder functions, the

Bessel functions of integer order) are

. sinx
]O(x) - T )
. ( ) sinx cosx
T) = —
J1 1172 7 )
in(2) 3 1Y\ . 3
z) = ———|sinx — — cosx
J2 1173 7 .IQ )
and in general
1d\'sinz
jl(z)_x( :Cdx> x

The associated Legrendre function is given by

d " (cos?6 — 1)
dcosf 2L

P"(cosf) = (—1)"sin™ 0 <

For example, the first few spherical harmonics are

1
Yy = —,
0 Vam
3
Y= — 3r — sinfe'?
3
Y = Ecos@,
3
Y = & sinfe ",
15 ;
Y22 = 32—7Tsmz6‘62“75,
15
Yy = — 87Tc059s1n6‘e
0 _ 5 _
Yy = 4/ ——(3cos?H — 1),

,_.
c;
>1

(11.52a)
(11.52b)

(11.52¢)

(11.53)

(11.54)

(11.55a)
(11.55b)
(11.55¢)
(11.55d)
(11.55¢)
(11.55f)

(11.55g)
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15 .
Y;l =1/ == cosfsinfe ", (11.55h)
8
15
-2 —21(15 :
Y, " =4/ 39, sin?fe (11.551)

The eigenfunctions must vanish ar r = a, so if 3, is the nth zero of ji,
J(Bm) =0, n=1,2,3,..., (11.56)

the desired eigenfunctions are

. ™\ < m
Yot (1.0,6) = Auiji (B =) Y7 (0,9, (11.57)
and the eigenvalues are
2
A = —k2, = — <%”) . (11.58)

The normalization constant A,; is determined by the requirement that

/r2 dr dS |thnim (1,0, 0))° = 1, (11.59)

where d) = sinfdf d¢ is the element of solid angle. Since the spherical har-
monics are normalized so that [ = (0, ¢) represents a point on the unit sphere]

/ dQY; ()Y (2) = 11/ G (11.60)

the normalization constant is determined by the requirement

| At /Oa r?dr [jz (ﬁzng)r =1 (11.61)

/ T2 dr jl(ﬂln""/a)jl (ﬂlmr/a) = 5nm%a3jl2+1(6ln), (1162)
0

which for n # m follows from the orthogonality property (10.68). So

2 1
Al =] 2o 11.63
Al =\ & T o) (11.63)

and the Green’s function has the eigenfunction expansion

T @ G e e
nlm 1 n n

where Q = (6, ¢), U = (0, ).
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This result can be simplified by carrying out the sum on m, using the addition
theorem for spherical harmonics,

l
> VHQ)YH(Q) = Pilcosy), (11.65)

m=—1

47
20+ 1

where Pj(cosy) = P?(cos ) is Legendre’s polynomial, and v is the angle between
the directions represented by Q and €', or

cosy = cosf cos b’ + sin O sin 0’ cos(¢p — ¢'). (11.66)
Then we obtain
2 ~20+1 1 5i(Binr/a)ji(Binr’/a)
Gr(r, )= = ——— P(cos)- ) 11.67
k( ) a3 — Ar l( ’Y).h%rl(ﬁln) k2 _ (ﬁln/a)2 ( )
This leads us to the second method.
11.4.2 Discontinuity (Direct) Method
Let us adopt the angular dependence found above:
20+ 1
Gi(r,r') = ; o Py(cosy)gi(r,r"), (11.68)

where we will call g; the reduced Green’s function. Because Y;™ is an eigenfunc-
tion of the angular part of the Laplacian operator,
(l+1
vey(o) = - Dymq), (11.69)

r

and the delta function can be written as

1
S(r—r')=—=6(r—1")5(Q-Q), (11.70)
rr
we see that, because of the orthonormality of the spherical harmonics, Eq. (11.60),
the Green’s function equation (11.46) corresponds to the following equation
satisfied by the reduced Green’s function, the inhomogeneous “spherical Bessel
equation,”

2 2d 1(1+1)

dr?2 = rdr r2

+ k| gi(r,r') = %5(1" —7r'). (11.71)

We solve this equation directly. For (0 < v’ < a)

o<r<r:  g(rr)
r<r<a: gi(r,r")

a(r’) g (kr), (11.72a)
b(r")ji(kr) + c(r')ni(kr). (11.72b)
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Only j; appears in the first form because the solution must be finite at » = 0,
and the second solution to the spherical Bessel equation,

n(z) = \/%Nlﬂm(ﬂ?), (11.73)

where N, is the Neumann function, is singular at z = 0. For example,

no(z) = —CO;I, (11.74)
and in general
. 1d\ cosz
n(x) = —x oz — (11.75)

To determine the functions a, b, and ¢, we proceed as follows. The boundary
condition at r = a, g;(a,r’") = 0, implies

0 =0(r")ji(ka) + c(r')ni(ka), (11.76)

or

b(r')  ny(ka)

) = ilka) (aL.77)
Thus we can write in the outer region,
a>r>r": g(r,r)=A0")G(kr)n(ka) — ni(kr)j(ka)]. (11.78)
The next condition we impose is that of the continuity of g; at r = r':
a(rj(kr'y = A(") [ (kr" yni(ka) — ny(kr')ji(ka)). (11.79)

On the other hand, the derivative of g; is discontinuous at r = 7/, as we may
see by integrating Eq. (11.71) over a tiny interval around r = r':

d r:r’JrE
- 4 P
o) T (11.80)

r=r'—e

which implies

ka(r")j(kr") — KA(r")[j] (kr"yni(ka) — nj(kr')ji(ka)] = —r%. (11.81)

Now multiply Eq. (11.79) by kjj(kr'), and Eq. (11.81) by j;(kr’), and subtract:

jl (kT/)

,r/2

= —kA(r")ji(ka)[5(kr"ynj(kr'") — ny(kr") g, (kr")]. (11.82)

Now j;, n; are the independent solutions of the spherical Bessel equation

[ii (72 d) _MM?} w=0, (11.83)

r2 dr dr r
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the Wronskian of which,
A(r) = ji(kr)ny(kr) — ng(kr)j;(kr) (11.84)

has the form .
Ar) = CO:; - (11.85)

as we saw in Problem 4 of Assignment 8. We can determine the constant by
considering the asymptotic forms of j;, n,

sin(kr — Im/2)

Ji(kr) ~ - , kr>1, (11.86a)
ker — lr/2
ny (k) ~ _ cos(kr — im/2) Tk 2 s, (11.86b)
T

which imply

A(r) = k2—1r2[sin2(kr —In/2) + cos? (kr — Ir/2)]
- (ki)?' (11.87)

Thus since the right-hand side of Eq. (11.82) is proportional to the Wronskian,
we find the function A:

i1 (kr')
AG'y = — k) 11.88
) Ji(ka) ( )
and then from Eq. (11.79) we find the function a:
a(r') = — i [ (kr"yni(ka) — ny(kr')ji(ka)) (11.89)
jl(ka)

Hence the Green’s function is explicitly

r<r’:  grr)= —kjjé:g i (kr" )y (ka) — ni(kr')ji(ka)], (11.90a)
r>r's gnr) = _kjjll((’zz)) Ui (k) (ka) — g (kr)ji (ka)], (11.90b)

or
. . ka)  ny(krs)
') = —kji(kr < Vi (kr {m( Uz , 11.91
gl( ) ]l( <).7l( >) jl(ka) ]l(kT>) ( )
where r_ is the lesser of r,r’, and 7~ is the greater.
From this closed form we may extract the eigenvalues and eigenfunctions of
the spherical Bessel differential operator appearing in Eq. (11.83). The poles of

g1 occur where j;(ka) has zeroes, all of which are real, at ka = ;,,, the nth zero

of ji, or
2
= (Bﬂ> : (11.92)

a
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In the neighborhood of this zero,

Ji(ka) = (ka = Bin)ji(Bin)- (11.93)

But at the zero the Wronskian is

1
n n 11.94
(ﬁln) (ﬁl )jl (ﬁl ) ( )
Now from the recursion relation
A
Ta(z) = ZAa(z) = Dana(2), (11.95)

we see that the derivative of the spherical Bessel function (11.50) satisfies, at
the zero,

31(Bin) = —j1+1(Bin)- (11.96)
Thus the residue of the pole of ¢; at k = B, /a is

L Gi(Binr</a)ji(Binr>/a)
azﬁln j12+1(ﬁln) .

(11.97)

Now j; is an even or odd function of z depending on whether n is even or odd.
So if fFj, is a zero of j;, so is —f;,, and hence if we add the contributions of
these two poles, we get the corresponding contribution to g;:

L 5i(Bimr/a)ji(Binr’ /a) ( 1 B 1
a? B 141 (Bin)]? k—Dbim/a k+ fBin/a

Summing up the contribution of all such pairs of poles, we obtain

gi(r,r’) ~

) . (11.98)

J1(Binr/a)ji(Binr’ /a) 1
nr)= a3 Z ]l+1 ﬁln)] k2 — (ﬁln/a)z, (11.99)

which is the eigenfunction expansion displayed in Eq. (11.67).

11.5 Helmholtz Equation in Unbounded Space

Again we are solving the equation
(V2 + k2)Gr(r,r’) = §(r — 1), (11.100)

but now in unbounded space. The solution to this equation is an outgoing
spherical wave:
1 eik|r‘7r’\

Gr(r,t') =Gp(r—1') = - (11.101)

ar e —r/|
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This may be directly verified. Consider a small sphere S, of radius €, centered
onr':

/S(dr)(v2+k2)Gk(r—r’) ~ /S(dp)v§< L eikp>

_Ep

d 1 eikr
- Jart (2
/ dp A p p—c

— 1, (11.102)

as € — 0. Evidently, for r # 1/, G}, satisfies the Helmholtz equation, (V? +
k)G, = 0.
Alternatively, we may construct Gy, from the eigenfunction expansion (10.109),

* (")) (v
Gk(r—r’)_;% (11.103)
where A = —k2, X, = —k’2, where the eigenfunctions are solutions of
(V2 + )y (r) = 0, (11.104)
that is, they are plane waves,
_ 1 ik’-r
1/)k/(r) = We 5 (11105)
Here the (271)~3/2 factor is for normalization:
/(dk') i (v) Yy (v)) = 5(r — 1'), (11.106a)
/(dr) i (v) Y (r) = d(k — k), (11.106b)

where we have noted that the spectrum of eigenvalues is continuous,

> - /(dk). (11.107)
Thus the eigenfunction expansion for the Green’s function has the form

N (dkl) e—ik'-r/eik/-r
Gip(r—r') = / Grp Rk (11.108)
Let us evaluate this integral in spherical coordinates, where we write

= n, o =cost, .
dk') = K dk' do' dy!, ‘4 11.109

where we have chosen the z axis to lie along the direction of r — r’. The
integration over the angles is easy:

/ 1 R o ’ ' /ékwrir,ml

U1 (™ AR 1 [
= WQ/ m@(e P—e p), (11110)

— 00
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Figure 11.1: Contour in the k' plane used to evaluate the integral (11.110).
The integral is closed in the upper (lower) half-plane if the exponent is positive
(negative). The poles in the integrand are avoided by passing above the one on
the left, and below the one on the right.

defining p = |r — 1’|, where we have replaced [~ by 3 [*° because the inte-
grand is even in k2. We evaluate this integral by contour methods. Because
now k can coincide with an eigenvalue k’, we must choose the contour appropri-
ately to define the Green’s function. Suppose we choose the contour as shown
in Fig. 11.1, passing below the pole at k and above the pole at —k. We close the
contour in the upper half plane for the e?*” and in the lower half plane for the
e~ "” term. Then by Jordan’s lemma, we immediately evaluate the integral:

1 1 2mké“4_%nké“
(2m)% 2 2k ip —2k ip
1 etk

CAn p

Gr(r—1') =

: (11.111)

which coincides with Eq. (11.101). If a different contour defining the integral
had been chosen, we would have obtained a different Green’s function, not
one corresponding to outgoing spherical waves. Boundary conditions uniquely
determine the contour.

Note that

Gi(r,r') = Gi(r', 1), (11.112)

even though Gy, is complex. The self-adjointness property (10.110) implied by
the eigenfunction expansion is only formal, and is spoiled by the contour choice.
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11.6 Green’s Function for the Scalar Wave Equa-
tion

The inhomogeneous scalar wave equation,

, 18
(v —C—Qw)wr,t):p(r,t), (11.113)

requires boundary and initial conditions. The boundary conditions may be
Dirichlet, Neumann, or mixed. The initial conditions are Cauchy (see Sec. 11.2).
Thus, we might specify at an initial time ¢t = ¢y both ¥(r, ) and %w(r, to) at
every point r in the region being considered.

The corresponding Green’s function G(r,t;r’, ') satisfies

(v2 _ %8_2) G(r,t; I‘/,t/) =J(r— r/)(S(t — t/), (11.114)

It must satisfy the homogeneous form of the boundary conditions satisfied by
1. Thus, if ¥ has a specified value everywhere on the bounding surface, the
corresponding Green’s function must vanish on the surface. In classical physics
it is customary to adopt as initial conditions

G(r,t;1' 1)

%G (1t 1) } =0 if t<t. (11.115)

These then define the so-called retarded Green’s functions. They ensure that
an effect occurs after its cause. (In fact, however, this time asymmetry of the
Green’s function, which is not present in the wave equation, is not necessary;
and in fact it is impossible to maintain in relativistic quantum mechanics.)

With such a Green’s function, what takes the place of the self-adjointness
property given in Sec. 10.87 Since the second time derivative is invariant under
t — —t, we have in addition to the inhomogeneous equation (11.114)

2
(V2 — ia—) G(r,—t;x", —t")y =6(r —x")o(t — t"). (11.116)
c

Multiply Eq. (11.116) by G(r, t; 1/, t), Eq. (11.114) by G(r, —t; ¥”, —t"), subtract,
and integrate over the volume being considered, and over ¢ from —oo to T', where
T >t

T
/ dt/ (dr){G(r,t;r’,t’)VzG(r, —t; ", —t")
—00 14
— G(r,—t;x", —t"\V2G(r, t;r, )
— G(r, t;7 t’)ia—QG(r —t;x”, —t")
B ) B E e ThT
+ G(r,—t; 2" —t”)ia—QG(r t;r’ t’)}
THETL T G g O T
= -G, —t';r", ")+ G", t"; ¢, t). (11.117)
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Now use Green’s theorem, together with the corresponding identity,

o (. 0 o 02 02
5 (AEB—BgA) = Az B DBosA, (11.118)

to conclude that
G(I‘N, t”; I'/, t/) _ G(I‘/, —t/; I'”, _t//)
T
= / dt/ do - {G(r, t:r VG (r, —t;v", —t")
—00 b

- G(r,—t;0", —t")VG(r, t;7, t’)}

— i - g /A,

/V(dr)CQ{G(r,t,r,t)atG(r, bx, —t")
8 t=T

- G(r, —t;r”,—t”)aG(r,t;r’,t’)} (11.119)

t=—o00

The surface integral vanishes, since both Green’s functions satisfy the same
homogeneous boundary conditions on 3. (The boundary conditions are time
independent.) The second integral is also zero because from Eq. (11.115)

G(r,—oo;r',t") |
03 (3 ity | = (11.120a)

since —oo < t/, and

s AR/
G(r,~T;x", —t") }207 (11.120D)

%_Ct: (I', _T7 rllv _t”)

since —T < —t". Thus the reciprocity relation here is
G(r,t;r' ') = G, —t';r, —t) (11.121)

How do we express a solution to the wave equation (11.113) in terms of the
Green’s function? The procedure is the same as that given earlier. The field,
and the Green’s function, satisfy

1 02
V2h(r' t) — C—wa(r',t’) = p(r',t'), (11.122a)

1 92
V2G(r, t;r' ) — 2507

G(r,t;r’' ') = §(r —1')o(t — t'). (11.122b)

Note that the differentiations on G are with respect to the second set of argu-
ments (this equation follows from the reciprocity relation). Again multiply the
first equation by G(r,¢;1’,t'), the second by ¢(r’,t'), subtract, integrate over
the volume, and over #' from tq < t to tT, where tT means t + ¢, ¢ — 0 through
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positive values. Then for r € V,

t+

/ dt’/ (dr’){G(r,t;r’,t’)V’de(r’,t’) — (', tV2G(r, t; 1, 1)

to 1%
1 2 2

- = [G(r,t;r’,t’) 82/21/1@’,1%') — w(r’,t')aat/zG(r,t;r’,t’)] }

c2

tt
= —1/}(I',t)—|—/ dt’/ (dr") G(r,t; ', ¢ )p(x', t). (11.123)
to 1%

Now we again use Green’s theorem and the identity (11.118) to conclude
++
P(r,t) = / dt’/ (dr') G(r,t; 0’ t)p(r', 1)
to 174
++
—/ dt’j{ do - [G(r,t;x', 1)V, 1) — (@', t")V'G(xr, t;x' 1))
to >
1

- / - i / _ / i -
= /V(dr) [G(r,t,r ,to)atoz/}(r ,to) — ¥(r ,to)ato G(r,t;r' tg)| -
(11.124)

This is our result. The interpretation is as follows:

1. The first integral represents the effect of the sources p distributed through-
out the volume V.

2. The second integral represents the boundary conditions. If, for example,
1) satisfies inhomogeneous Neumann boundary conditions on X,

A vy = f(r) (11.125)

P

is specified, then we use homogeneous Neumann boundary conditions for

G,
n-VG(r,t;r',t")| =0. (11.126)
b
Then the second integral reads
tt+
—/ dt'f do - G(r,t;v' 1)V (', t). (11.127)
to by

That is, —f - V'¢(r/, ') represents a surface source distribution. Other
types of boundary conditions are as discussed earlier.

3. The third integral represents the effect of the initial conditions, where

P(r',to), (r',to) (11.128)

dto
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are specified. They correspond to impulsive sources at t = tg:

110

5 [F v )0 — ) + V(100 (¢~ 10) | (11.129)

Pinit (v, ) =
We verify this statement by integrating by parts, and letting the lower
limit of the ¢ integration be ty — €.
11.7 Wave Equation in Unbounded Space

We now wish to solve Eq. (11.114)

2
(V2 - é%) G(r,t;x’',t') =6(r —x')o(t — t'), (11.130)

in unbounded space by noting that then G is a function of R = r — r’ and
T =t —t only,

Gr,t;r', ) =G -1t —t')=GR,T). (11.131)
Then we can introduce a Fourier transform in space and time,

g(k,w) = / (dR) dTe™Re=“TQ(R,T). (11.132)

The Fourier transform of the Green’s function equation is (we have set ¢ = 1
temporarily for convenience),

(—k* + w)g(k,w) =1, (11.133)

where we write k%2 = k - k, which has the immediate solution

1
Thus the Green’s function has the formal representation
(dk) dw _por jor 1
GR,T)= / o) o€ e e (11.135)

The w integral here is not well defined until we impose the boundary condition
(11.115)
GR, T)=0 if T<O. (11.136)

This will be true if the poles are located above the real axis, as shown in Fig. 11.2.
Here the contour is closed in the upper half plane if T > 0, and in the lower half
plane if T' < 0. In both cases, by Jordan’s lemma, the infinite semicircle gives
no contribution. We have

eikT efikT

* dw 1 z(———) T>0
et - 000 = 2k 2k ’ ? 11.137
/m 2r (W= k)(w+k) { 0 T <0. ( )
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Figure 11.2: Contour in the w plane used to evaluate the integral (11.135).

Thus, if T' > 0,

G(R,T) = (2;)3 /0 TR dkan L 11 dp e*ikRﬂi (e — e
— (2;)2 /OOO %’% (eikR _ e—ikR) (eikT _ e—ikT)
_ (2;)2 %% /_O:O dk (e’ik(R+T) 1 e—iR(RHT) _ ik(R=T) _ eik(TfR))
_ %%[5(}“1”) _S(R—-T)]. (11.138)

But R and T are both positive, so R + T can never vanish. Thus we are left
with

11
G(R,T)_—E}—zé(R—T), (11.139)
or restoring c,
1 1 |r —r/|
—rvt—t)=—-—— —(t-=t)). 11.14
Gr-rt-t) =t (B o) (11.140)

The effect at the observation point r at time ¢ is due to the action at the source
point r’ at time

_
poyolr=rl (11.141)

C

Physically, this means that the “signal” propagates with speed c.
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Let us make this more concrete by considering a simple example, a point
“charge” moving with velocity v(t) = Zr(¢),
p(r,t) = gd(r —r(t)). (11.142)

There are no effects from the infinite surface, nor from the infinite past, so we
have from Eq. (11.124)

P(r,t) :/_ dt’/v(dr') Gr—r1',t —t)p(x',t)

¢t

__4a dt’ 1(t/)|6<|r_r(t/)|—(t—t’)). (11.143)

ar ) -t c

If we let R(t') =r — r(t'), the distance from the source to the observation point
R(t")

at time ¢’ =t — ==, we write this as
t+ ’
q ;1 R(t') ’
t)=—— dt ) —(t—=t)]. 11.144
v =~ [ g (T - v) (1L144)
Let 7 = R(t')/c+t', where 7 = t determines the “retarded time” ¢’ so
1dR
dr=dt' [1+-— 11.14
T ( + - dt’) , ( 5)
where iR L4 R
v
= _—_ "R R=-—"" 11.14
dt’  2Rdt R R’ ( 6)
that is R
v
dr=dt' (1 - . 11.147
r—ar (1-22Y) (11.147)
Thus the field is evaluated as
tHR()/c
q dr 1
P(r,t) = —— = o(r—1t)
4 5o R(T) (1 — I}%c ) (7‘)
q 1

== . . (11.148)



