LECTURE 17

Green’s Identities and Green’s Functions

Let us recall The Divergence Theorem in n-dimensions.

THEOREM 17.1. Let F : R® — R™ be a vector field over R™ that is of class C' on some closed, connected,
stmply connected n-dimensional region D C R™. Then

/V~FdV:/ F.-ndS
D aD

where 0D s the boundary of D and n(r) is the unit vector that is (outward) normal to the surface 0D at
the point r € 0D.

As a special case of Stokes’ theorem, we may set

(1) F=V¢

with ¢ a C? function on D. We then obtain

(2) / V3¢ dV = Vo dS
D oD

Another special case of Stokes’ theorem comes from the choice

(3) F=9¢Vy
For this case, Stokes’ theorem says
(4) / V- (oVY) dV = oV - ndS
D aD
Using the identity
(5) V. (¢F)=V¢ -F+ ¢V -F
we find (4) is equivalent to
(6) / V¢~deV+/ ¢V21/JdV=/ oVip-ndS
D D aD

Equation (6) is known as Green’s first identity.

Reversing the roles of ¢ and % in (6) we obtain

. 2 = .

(7) /DVw VquVJr/DwV odV /6D1/1V¢ ndsS

Finally, subtracting (7) from (6) we get

(®) [ (v —uvie) av = [ (690 -0ve) mas
D aD

Equation (8) is known as Green’s second identity.

Now set
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and insert this expression into (8). We then get

1 1
/ 1) (V2> dV = / — V¢ dV
D v —r,| +e¢ plr—ro|+e

1 1
'5AD<w—ro+sv¢‘¢<vh—rA+s>'mﬁ>

Taking the limit ¢ — 0 and using the identities

1
limV2——— = —4m" (r—r,)
e—0 |I‘—I‘0| + €
. 1 1
lim =
e=0|r—1,|+e |r —r,|
1 1
ImV——m = —_
e—0 |r—r,|+e¢ [r — 1,

we obtain
) —Ang(ro) = [ i ViedV
t Jop (V0 — 6 (Vi) -ms)

Equation (9) is known as Green’s third identity.

Notice that if ¢ satisfies Laplace’s equation the first term on the right hand side vanishes and so we have
_ -1 1 1
¢ (I‘O) — 4 fBD (\r—ro| v¢ B ¢ (v |r—ro\) ’ IldS)
_ 1 o 1 1 98¢
= 4r faD (Qb% r—r,  |r—r,] 8711) ds
Here 887 is the directional derivative corresponding to the surface normal vector n. Thus, if ¢ satisfies

Laplace’s equation in D then its value at any point r, € D is completely determined by the values of ¢ and

% on the boundary of D.

(10)




1. GREEN’S FUNCTIONS AND SOLUTIONS OF LAPLACE’S EQUATION, II 80

1. Green’s Functions and Solutions of Laplace’s Equation, 11

Recall the fundamental solutions of Laplace’s equation in n-dimensions

(11) (I)n (7",1[},917...,0,”2):{ 10g|17"‘ 5 ifn=2

=z ifn>2
Each of these solutions really only makes sense in the region R™ — O; for each possesses a singularity at the

origin.

We studied the case when n = 3, a little more closely and found that we could actually write

(12) V2(1>=—4m53(r):{ 0, ifr#0

r 0 ifr=0
In fact, using similar arguments one can show that
(13) V20(r) = —c,0" (r)

where ¢,, is the surface area of the unit sphere in R™. Thus, the fundamental solutions can actually be
regarded as solutions of an inhomogeneous Laplace equation where the driving function is concentrated
at a single point.

Let us now set n = 3 and consider the following PDE/BVP

V2®(r) = f(r) , reD
(14)
(r)lgp = h(r)lop
where D is some closed, connected, simply connected region in R3. Let r, be some fixed point in D and set
-1
(15) G (r, I'O) = m + ¢O(r, I‘o)

where ¢,(r,r,) is some solution of the homogeneous Laplace equation

(16) V20,(r,15) =0
Then
(17) V3G (r,ry) = 6% (r —r,)

Now recall Green’s third identity

(18) / (VT — TV?P) dV = / (®VY — UVP) - ndS
D aD
If we replace ¢ in (18) by G (r,r,) we get
D(r,) = [,0(r)s (r—r,)dV
= [, ®V’GaV

(19) [pGV?®dV + [, (PVG — GV®) -ndS
JpGfdvV + [, (h2€ —G22) dS

[pGfdvV + [, hg—gds — Jop GZ2dS

mn

Up to this point we have only required that the function ¢, satisfies Laplace’s equation. We will now make
our choice of ¢, more particular; we shall choose ¢,(r,r,) to be the unique solution of Laplace’s equation
in D satisfying the boundary condition

1

20 S E—
(20) 47 v — 1| | 4p

= ¢o(r7ro)|aD

so that
G (r,ro)|aD =0
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Then the last integral on the right hand side of (19) vanishes and so we have

(21) @(ro):/DG(r,ro)f(r)dV—k aDh(r)gi (r,r,)dS

Thus, once we find a solution ¢, (r,r,) to the homogenenous Laplace equation satisfying the boundary
condition (21), we have a closed formula for the solution of the PDE/BVP (14) in terms of integrals of
G (r,r,) times the driving function f(r), and of % (r,r,) times the function h(r) describing the boundary
conditions on ®. Note that the Green’s function G (r,r,) is fixed once we fix ¢, which in turn depends only

on the nature of the boundary of the region D (through condition (20)).

Example

Let us find the Green’s function corresponding to the interior of sphere of radius R centered about the
origin. We seek to find a solution of ¢, of the homogenous Laplace’s equation such that (20) is satisfied.
This is accomplished by the following trick.

Suppose ® (r, 1, 6) is a solution of the homogeneous Laplace equation inside the sphere of radius R centered
at the origin. For r > R, we define a function

(22) @mwﬁ)=f¢<iawﬁ>

I claim that @ (r,1,0) so defined also satisfies Laplace’s equation in the region exterior to the sphere.

To prove this, it suffices to show that

~ = . & 25
(23) 0=rve = & (T’Z%‘f) + Siaey 99 (Sm(e) %3) + ey 00
or
B L) 1 9 L) 1 920
24 — =] == Z |sin)= | - =
(24) or (r 8r> sin(@) 06 <sm( )89> sin(0) 92
Set
R2
(25) u=—
so that
(26) P (T7¢79) - %(I) (Uﬂ/%e)
8 _ _dwud _ R0 _ _u’0
or dr Ou r2 Ou ~  RZ? Ou
and so

A A
(27) AN AN
= ﬁ(aﬁ (u2m))
= —2 (e % (mO) %) + e 2%)
= (9% (mO%%) + sdm; 528
|

Notice that
(28) lim & (r,,0) = (r,9,6)

This transform is called Kelvin inversion.
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Now let return to the problem of finding a Green’s function for the interior of a sphere of radius. Let

2 2
(29) r= (R 2, 9) i,
In view of the preceding remarks, we know that the functions

P (r) = =
(30) o) = By
will satisfy, respectively,
Vi (r) = —4mdd(r—r,)

(31) V20, (r) = 47rR53 (T _ I'o)

However, notice that the support of VZ®, (r) lies completely outside the sphere. Therefore, in the interior
of the sphere, @5 is a solution of the homogenous Laplace equation. We also know that on the boundary of
the sphere that we have

(82) By (r) = Do)

Thus, the function

(33) G (r,r,) i % 4"‘{_rol _47T|r—ro|
T an|Br—fr,|  Amlr—ro]

thus satisfies

(34) V3G (r,r,) = 6% (r —1,)

for all r inside the sphere and

(35) G(r,r,) =0

or all r on the boundary of the sphere. Thus, the function G (r,r,) defined by (33) is the Green’s function
for Laplace’s equation within the sphere.

Now consider the following PDE/BVP

V2®(r) = f(r) , reB
®(R,,0) = 0

where B is a ball of radius R centered about the origin.

(36)

According to the formula (21) and (33), the solution of (36) is given by

®(r,) = /Grro dV—l—/@B (v,0) G(rro)dS

/B G(r,r,)f(r)dV

To arrive at a more explicit expression, we set

r, = (rcos(y)sin(8),rsin(y)sin(f), r cos())
r = (pcos(a)sin(B), psin(a) sin(B), pos(5))

Then

dv = p*sin®(0)dpdads
ds p*sin?(0) da d
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and after a little trigonometry one finds

1 1
47 |r — 10| B 4m/12 + p2 — 2rp (cos(vp — ) sin(0) sin(B) + cos(f) cos(3))
1 B R
dr [Br, — Zr,| B dmy/RY 4+ 1r2p? — 2R2rp (cos(¢) — ) sin() sin(B) + cos() cos(B))

Thus,

/ /2” / Rf(r, 1, 0)r? sin(0)drdfdy
4/ RY +12p2 — 2R2rp (cos(¢) — a) sin(0) sin(B) + cos(8) cos(B))

/ /2” / f(r, 2, 0)r2 sin(Q)drdodi
4m+/r2 + p2 — 2rp (cos(yp — ) sin(0) sin(3) + cos(8) cos(3))



