6

Partial Differential Equations with Curved
Boundaries

In Chap. 5, we saw that many physical problems can be formulated in terms
of partial differential equations. The solutions of these equations have to sat-
isfy certain boundary conditions. Most of these problems involve the Lapla-
cian operator. Depending on the specific problems, either Laplace equation or
Helmholtz equation has to be solved.

When the boundaries are mutually perpendicular straight lines or planes,
the cartesian coordinate system is very convenient. When the partial differ-
ential equation is reduced to ordinary differential equations by the separation
of variables, we are able to recognize the solutions of these ordinary differ-
ential equations. Eigenvalues and eigenfunctions dictated by the boundary
conditions are readily found and the solution of the partial differential equa-
tion can be obtained by the Fourier expansion.

However, many physical problems involve boundaries in the shape of cir-
cles, cylinders, and spheres. In these cases, it is much simpler to use polar,
cylindrical, or spherical coordinates. The partial differential equations
expressed in these coordinates are more complicated. For most problems, the
radial and angular parts can be separated, but the ordinary differential equa-
tions that govern the angular coordinates are different from those for radial
coordinates. Some of them are differential equations with variable coefficients
which cannot be solved in terms of elementary functions. We have solved most
of these ordinary differential equations in Chap.4 with Bessel and Legendre
functions. Generally, the solutions for problems with cylindrical symmetry
are expressible in terms of Fourier—Bessel series, and for those with spherical
symmetry, in Fourier—Legendre series. But it is the boundary condition that
determines how these solutions of ordinary differential equations should be
put together to solve a particular problem. Two identical partial differential
equations with slightly different boundary conditions can lead to completely
different results.

It is not possible to discuss all the different types of partial differential
equations encountered in engineering and physics. In this chapter, we will
mainly discuss the Laplace’s equation V24 = 0 and the Helmholtz’s equation
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V2u+ ku = 0, because they occur in many types of practical problems. These
two equations look similar, but their solutions are completely different. For
example, the radial solution of the Laplace equation in spherical coordinates is
given by r raised to negative or positive integer powers, whereas the solutions
of the Helmholtz’s equation are given by spherical Bessel functions.

Instead of following the usual procedure to classify the partial differen-
tial equations in hyperbolic, parabolic, and elliptic types, we will use enough
examples to illustrate how similar methods can be used to solve these equa-
tions. It is important to know the general characteristics of different kinds
of physical problems that can be solved by these methods. Otherwise details
may look confusing. A careful examination of the table of contents may help
to gain an overall picture of these problems.

6.1 The Laplacian

As we have seen, the Laplacian operator
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appears in a many different partial differential equations of mathematical
physics. Why should the sum of three second derivatives have so much to do
with the law of nature? The answer lies in the fact that the Laplacian of a
function is a comparison between the value of the function at a point and
the average value of the function at points around it. This is clear in one
dimension. If v”(z) = 0, then u(z) = mz + b. One can readily verify that

u(x) = %[u(z +¢€) +ulx —e€)].

That is, the average value of two nearby points is equal to the value at the
midpoint. Furthermore, if u”(z) > o, then the curve u(z) is concaved upward,
and the average value of two nearby points is greater than the value at the
midpoint. If u”(z) < 0, then the curve is concaved downward, and the average
value of two nearby points is less than the value at the midpoint.

The Laplacian may be thought of as the second derivative generalized to
higher dimensions. In fact, we will soon show that in two dimensions, if

- Vzu(x, y) = 0, then the average value of u on a small circle is equal to the
value of u at the center of the circle. This is what makes the Laplacian so
useful, because

- Vzu(x, y) > 0 means the surface is concaved upward, and the value of u
at the center of a small circle is less than the average value of u on the
circle, and

~ V2u(x,y) < 0 means the surface is concaved downward, and wu(z,y) is
greater than the average of u at its neighbors.
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Similar statements can be made about VZu in three dimensions, if we
change circle to sphere.

With these principles, we can have an intuitive understanding of some of
the basic partial differential equations of physics.

The wave equation:

If we use this equation to describe the vibration of a membrane, then w is the
displacement (the height) of the membrane. This equation says the membrane
at a point is accelerating upward (pulled up) if the membrane at that point
is below the average of its neighbors.

The diffusion equation:

% = a’V?u.

If we use this equation to describe heat transfer, then « is the temperature.
This equation says that the temperature at a point will be increasing (posi-
tive rate of change) if the temperature at that point is less than the average
temperature on a circle around that point.

Laplace’s equation:

V2u = 0.

This equation describes the steady-state of u, in which the rate of change with
respect to time is zero. For example, if u is temperature, then this equation
says that the temperature will not change if the temperature at a point is
equal to the average temperature of the surrounding points.

Poisson’s equation:

Viu(z,y) = —g(z,y).

If g(z,y) is positive at a point, and u(z,y) is the temperature at that point,
then this equation says that the temperature at that point is greater than its
surroundings. In other words, heat is generated at that point, and g(x,y) is
the heat source.

Clearly, the meaning of the Laplacian will not change, no matter what
coordinate system we choose to express it. Many problems in two and three
dimensions are more naturally expressed in polar, cylindrical, or spherical
coordinates, either because of the boundary conditions, or because we want
to take advantage of the symmetry of the problem. These coordinates are
shown in Fig.6.1. Let us recall the expressions of the Laplacian operator in
these systems. We had a detailed discussion of these expressions in Chap. 3 of
volume II.

In polar coordinates:

2 10 (9N 10
V=0 \Pop) T o
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Fig. 6.1. (a) Polar coordinates, (b) cylindrical coordinates, (¢) spherical coordinates

In cylindrical coordinates:
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In spherical coordinates:
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6.2 Two-Dimensional Laplace’s Equations

6.2.1 Laplace’s Equation in Polar Coordinates

Suppose that we need to find the solution of a two-dimensional Laplace’s
equation that has a prescribed behavior on a circle. Naturally we want to
write the equation in the polar coordinates

19 [ o 1 62
S0 (papum so)) + ?872”(’)’ @) =0,

so that we can accommodate the boundary condition by examining the solu-
tion for p = a. To solve the equation by separation of variables, we assume
u(p, p) = R(p)P(¢) and put it in the above equation

P(p) O ( OR(p)\ | R(p) °d()
p 3/)( dp >+ p? Op?

=0.

Dividing through by u(p, ) = R(p)®(¢) and multiplying through by p?, we

have
p_ 0 ( OR(p) 1 0%9(p)
R(p) 9p (p dp >+¢(<p) 0p?

=0
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or

1 (2321%(0) aR(p)): 1 9"0(p)

+ -
R(p) o2 " op D(p) Op?

Since the term on the left-hand side is a function of p only, while the term
on the right-hand side depends only on ¢, both must be equal to the same
constant. So we obtain two ordinary differential equations

1 (,d°R(p) = dR(p)\ _

R(p) (p W TP >_/\’ 61
1 d2§l5(<p)__
o) a? ©2)

where ) is the separation constant. The separation constant must be equal to
n? with n as an integer for the following reason. Since (p, ) and (p, ¢ + 27)
are the same point, for the description of a real physical system, we must
require @(p) to be a periodic function with period 27. That is, ®(p) must
satisfy the condition

Do+ 2m) = D).
With A = n?, (6.2) becomes

dijn(sﬁ) 2
sz = —n "D, (p).

Ouly if n is an integer (n = 0,1,2,...) can the solution of this equation be
such a periodic function,

D, (p) = A, cosnp + By, sinnp. (6.3)

Note that for n = 0, the solution $o(p) = ¢ is not periodic, therefore not
allowed. However, the other solution for n = 0, namely $(¢) = constant
satisfies the periodic condition and is included in (6.3).

The radial part of the solution must come from (6.1) with the same n

d*R,(p dR,(p
g ()+p (p)

2
e w2 R, (o) (6.4)

This is an Euler-Cauchy differential equation. The standard method is to set

. d
p=¢e®, so z=Inp and &2
dpp

It follows that:
dR, dR,de 1dR,
dp  daz dp p da’
CRi(p) _ d (1dR,\ _ 1dR, 1d&R,
o p2dx p? da?’

dp? dp \p dz
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so that (6.4) can be written as

1 d®R 1 dR 1dR
2 mn n n 2
— - - —n"R, =0,
<p2 dx? p? dx > pp "
or L
R, 9
12 n“R, = 0.
Clearly

Cpe™ 4+ Dpe ™ for n #£0,
R, (z) =
Co+ Doz for n=0.

Thus, with p = e”, we have

{C’np”+an" for n #0,

R, (p) =
(°) Co+ Dglnp for n=0.

For each integer n, the solution is wu,(p,¢) = Rn(p)Pn(p). A linear
combination of them is the general solution

u(p, ) =Y entin(p, 9).
n=0

Therefore we can write the solution of the Laplace’s equation as

o0
u(p, ) =ao +bolnp+ Z[(%Pn +bnp™") cosnp + (cup™ + dnp” ") sinng),

n=1
(6.5)
where we have renamed the combinations of constants for convenience.

Whenever we solve the equation in a region containing the origin, we must
set by, by, and d,, to zero, because we are only interested in bounded solutions
and In p and p~" go to infinity as p approaches zero.

Similarly if the region extends to infinity, then ag, by, a,, and ¢, must be
set to zero, unless there is a source at infinity. For example, a uniform electric
field extending from —oo to 400 must be described by an electric potential
that is not vanishing at infinity. (The electric potential satisfies the Laplace’s
equation, its gradient is the electric field.) In this case a; or ¢; may not be
zero, but the rest of a,, ¢,, and by must still be all zero.

The following examples will illustrate how these constants are determined
by the boundary conditions.

Ezample 6.2.1. Show that if the temperature f(¢) on the boundary of a
circular disk of radius 79 can be expressed as

flo) = Z(A" cosny + By, sinngp),

n=0
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then the steady-state temperature at any point inside the disk is given by
u(p, @) =Y (p/r0)" (Ap cosng + By sinng).
n=0

Find the steady-state temperature distribution in a circular plate of radius rg
if the upper semicircular boundary is held at 100°, and the lower at 0°.

Solution 6.2.1. The temperature function wu(p,y) satisfies the Laplace’s
equation for steady-state distribution. So we have to solve the following bound-
ary value problem:

D.E: V?u(p,¢) =0,
B.C.: u(ro, ) = f(p).

Since the origin is inside the plate, for the solution to be bounded, we have
to set b, and dy, in (6.5) to zero. What is left in (6.5) can be written as

u(p, ) = Z(anp" cos np + cpp" sinng).
n=0
Therefore, at p = g, we have
u(ro, @) = Z(ann’f cos Ny + ¢l sinng).
n=0

But it is given that

u(ro, p) = f(p) = Z(A” cosny + By, sinng).

n=0
It is clear that
A, B,
ap = @7 Cpn = ﬁ.

Substituting them into the equation for u(p, ¢), we obtain the required result
u(p, p) = Z(p/ro)"(An cosny + By, sinny).
n=0

Now we can expand the given boundary condition

100 for 0< <,
u(ro,<p>:f(@):{ 0 for7r<g<27r

into a Fourier series

flp) = Z(An cosny + By, sinny),

n=0

where the coefficients are given by
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1 27 1 ™
Ay = — dp = — 100dy =
=3 /. u(ro, p)dp 27T/0 00dg = 50,
1 27 1 T
A, =— u(ro, @) cosnpdp = — 100cosnedp =0, n #0,
T Jo T Jo

Bn = — Qﬂu(r )sinnpd _ 100 Trsinn dp = 0 for n even
t 0 v YT 0 PP 20 for nodd

™ nm

Thus the temperature distribution in the disk is given by
200 1/ p\"
=50+ — —| = i .
u(p, ) + - E < > sin ny

It may be noted that u(p,¢) at ¢ = 0 and =, is 50. In general the Fourier
series gives the average values at points of discontinuity. In the present case
50 is the average value of 0 and 100.

Example 6.2.2. Determine the steady-state temperature at points of the sector
0 <9 <0y 0<p<rgofa circular plate if the temperature is maintained
at zero along the straight edges and at ug along the curved edge.

Solution 6.2.2. To find the steady-state temperature u(p, ), we have to
solve the following boundary value problem:

D.E: VZu(p,¢) =0,
B.C.:  u(p,0) =0, wu(p,00) =0, wu(ro,o)=1uop.

The usual separation assumption u(p, ¢) = R(p)®@(p) leads to

2 d*R(p) N de(p)

12 b AR(p),
d*@(y)
TOQ =—AD(¢p).

The boundary conditions along the straight edges require that
®(0) =0, P(0y) =0.

The differential equation and the boundary conditions for ®(¢) actually form
a Sturm-Liouville problem. So we know that the eigenvalues A are positive
(A = a?), and the eigenfunctions are orthogonal. Thus

&(p) = Acosap + Bsinap.



6.2 Two-Dimensional Laplace’s Equations 309

Since ¢(0) = A = 0, the boundary condition ¢(fy) = 0 requires sin afy = 0.
Therefore

where n is a nonzero integer. Hence the eigenfunctions are

%(so)zsinglw, n=1,2 3, ....
0

Note that n = 0 is not allowed in this case. The corresponding radial equation

for R, (p) is
d®R,.(p) dR,(p) nr\ >
2 n n .
p 4,2 +p A Ry (p).

The bounded solution to this equation is

Rn(p) = Cnpmr/ao .

Therefore the general solution is

. onw
u(p,p) = Z Cnpmr/oo sin 9—04,0.

n=1

The boundary condition u(rg, ) = ug requires ¢, to satisfy the relation

nrw/0p . N
Ug = g e sin — .
to
n=1

Since {sin Z—Oﬂgo} is a complete orthogonal set in the interval 0 < ¢ < 6,
0o
nw/0o 1 / .onm
cnTy =—— ug sin —p dep.
" f000 sin? %(p de Jo to

These integrals can be easily evaluated,

bo wesin ™ o deo — w2 for n odd,
0 0 0o var= 0 for n even,

0o
. 9 N 1
$in” — o de = —=6).
/0 sin aogogp 500

Thus the steady-state temperature in the sector is given by

4uyg 1/p n/  pn
u(p,p) = — == sin — .
™ n \Tro 00

n odd
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Ezxample 6.2.3. Suppose that the temperatures along the inner circle of radius
of r1 and along the outer circle of radius ro of an annulus are maintained at
f1(@) and f2(¢p), respectively, as shown in Fig. 6.2. Determine the steady-state
temperature in the annulus, if

Fig. 6.2. Laplace’s equation in an annulus

Solution 6.2.3. The steady-state temperature is determined by the following
boundary problem:

D.E.: V2u(p,p) =0, 11 <p<ry,

B.C.: u(ri, ) = file), ulrz,¢) = fa(p).

Since the region of interest neither contains the origin nor extends to infinity,
all terms in (6.5) have to be retained. Thus the boundary conditions take the
form

filg) = ap+bolnr; + Z[(anr? + b,y ™) cosng + (epr + dpry ™) sinng),

n=1

fa(p) =ag +boInry + z:[(anrgI + b3 ") cosng + (cpry + dpry ) sinnegl.

n=1

According to the theory of Fourier series

1 27
bol = — d
ap + 0p Inry o J, fi(p)de,
1 27
byl = — d
ag + 0g Inro o J, fa(p)dep

and for n # 0
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1 27
anTy + bpry " = g fi(p) cosnep de,
0
1 2m
anry +bary" = — | fa(p) cosnpdep,
0
1 27
Cprl +dpry ™ = P fi(p)sinnpde,
0
1 2m
Cpty +dpry " = g fa(p) sinngp de.
0

From these equations, we can solve for the constants ag, by, Gn, bn, Cn,
and d,.

(a) For fi(p) =0, fa(p) =sing, r =1, 1o = 2, all integrals are equal
to zero except
1 2m 1 2
- fg(ap)sinapdgo:—/ sin? pdyp = 1.
T Jo ™ Jo

Therefore all constants are equal to zero except

cp+dy =0,
1
012+d1§:1.
It follows that:
2 g 2
1 — 37 1 — 3

Thus
2 1\ .
ulp ) =3 p= )i

(b) For fi(p) =1, fa(p) = 10, r1 = 1, ro = e, the only nonvanishing
coefficients are

1 27
ap+bylnry = - filp)de =1,
™ Jo
1 27
ap+bolnry = — fa(p)de = 10.
27T 0

Thus ag =1, by =10 — ag = 9. Therefore

u(p, o) =14+ 91Inp.
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Ezxample 6.2.4. Solve the following boundary value problem:

D.E.:  VZu(p,¢) =0,
B.C.:  u(p— o00,p) = Egpcose, u(rg,p) =0.
(The solution is the electric potential produced by placing a long grounded

conducting cylinder of radius 7y in a previous uniform electric field —Eq with
the axis of the cylinder perpendicular to the field Ey.)

Solution 6.2.4. Since p~™ goes to zero as p — o0, asymptotically (6.5)
becomes

u(p — 00,0) =ap+bolnp+ Z[anp" cosnw + cpp" sinny).

n=1

Therefore the condition u(p — oo, p) = FEgpcosy requires that ag, by, @y,
and ¢, to be set to zero, except a; = Eg. What is left in (6.5) is

oo

u(p,©) =Y _[bnp " cosng + dnp~" sinng] + Egp cos .

n=1

At p =19, u(ro, v) = 0 becomes

(oo}
(birg ' + Eoro) cos @ + dirg ' sing + Z[bnro_” cosny + d,ry " sinng| = 0.

n=2

This requires all coefficients to vanish. That means all b,, and d,, are equal to
zero except by, and

bl’l“o_l + Egro =0, or b= —E()’I“(Q).

Therefore the solution of this boundary value problem is given by

2
u(p, ) = Egpcosp — Egrép~ ' cos ¢ = Ey <1 — ;g) P COS . (6.6)

6.2.2 Poisson’s Integral Formula

Let us return to the solution u(p, ¢) of the Laplace’s equation in the interior
of a circular disk of radius rg. If the boundary condition is u(rg, ) = f(¢),
then

ulp, @) = 3 (p/ro)"(An cosni + By sinnep),

n=0

where A,, and B,, are the Fourier coefficients of
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fle) = Z(An cosny + By sinngp).
n=0

Substituting the expressions of these Fourier coefficients into u(p, ¢), we have

u(p, p) = L 2Trf( "d /-I-Z(ﬁ)" 1 27Tf( ") cosng'dy’ | cosn
P9 =5 | T o) |7, @ ¢'de @
n=
p n 1 2m
+ Z (*) [ f() sinngoldgol} sin ng
) T Jo
n=1
1 o / P\" / /
=5 flp) 1+221 (%) [cosny’ cosny + sinng sinng| » d
n=
Since

cosny’ cosny + sinny’ sinng = cosn(¢’ — p) = Re [ei"(‘Pl_‘P)} ,

where Re stands for real part, so
> (2

" n
) [cos ny' cos ny + sinny’ sinng| = Re Z [pei(sa’sa)}
n=1 \"0 —lro

Using the facts that

1 o0
T =tk =) s for ] <1

and p/ro < 1, we can write

n L ol —p)
Yo [ L] = ! ST
ro 1-— %el(LP'*LP) 1-2 ’

— — Eel(@o —¥)
o, (o’ L oile' =) p\?
B %el(v —¢) . 1-£ e—l(w —¢) e — E)
T 1= Tﬁei(v'—v) — 76 Sie'—e) o 52
0 1—25008(90’—@)4—(7,0)
and N ) )
Z |: l(ga ga):| _ (p/’f'o) COS(SD - (P) - (p/TO) )
— 1=2(p/ro) cos(¢’ = ¢) + (p/r0)*
Thus

_ 1 (p/r0) cos(¢’ — @) — (p/r0)? ,
o / {1 2T 200 r0) cos(e — 9) + (p/r0)? } a¢

1 2 _ 2
o / sl 3 e’
T or 5 — 2procos(¢p’ — @) +p
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Fig. 6.3. Poisson’s integral formula

This remarkable result is known as Poisson integral formula.
According to the law of cosine

15— 2pro cos(¢’ — @) + p* = &7,
where d is the distance between (p, ¢) and the point (r9,¢) on the boundary,
as shown in Fig.6.3.
So this formula can be written as

B0 [T I
2T 0 2 '

u(p, ) =

It shows that the value of u(p, ) at all points inside a circle of radius r¢ is
the weighted sum of the values of the function f(¢’) on the circumference of
the circle, and the weight is given by (rZ — p?)/d?. If we were to increase the
values of f(¢') on even a small segment of the boundary, this would produce
a corresponding increase in the values of u at every interior points. This is in
accordance with the fact that the physical system described by the Laplace’s
equation is in a steady-state. An increase or decrease on the boundary requires
the interior region to readjust to bring the system into equilibrium again.
At the center of the circle, p = 0 and rg = d, the formula reduces to

27
u(center) = %/0 feHdy'.

™

In other words, the average value of u on a circle is equal to the value of u
at the center of the circle. This is known as the average value property of the
Laplace equation.

From this property, we can deduce the fact that the solution of Laplace
equation cannot have local maximum or minimum in the interior region. If
u(p) were a local maximum at the point P, then there must be a small circle
around P, everywhere on it the value of u is smaller than u(p). Obviously the
average of the values of u on that circle could not possibly equal to u(p). This
violates the average value property of the Laplace equation. Similar argument
will also show that there cannot be any local minimum.
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6.3 Two-Dimensional Helmholtz’s Equations in Polar
Coordinates

As we have seen in Chap.5, when the time dependence part is separated
out, the space part of both wave equation and heat equation is given by the
Helmholtz equation

V2u + k*u = 0.

In polar coordinates, the Helmholtz equation takes the form

10 0 1 &2 ,

Proceeding in the same way as we solved the Laplace equation, with the
assumption u(p, ) = R(p) P (), we find that the angular part satisfies the
equation
d2
dp?

and has the familiar solution

() = —n’®p(p)

D (@) = Ay cosng + By, sinnep,
where n is an integer. The radial equation

*R,(p) | dRu(p)
2 n n
P dp? tr dp +

(K*p* =n*)Rn(p) =0

differs from that found in the solution of Laplace equation. The solution of
this equation, as we have shown in Chap. 4, is

Rn(p) = Can(kp) + DnNn(kp)a

where J, (kp) and N, (kp) are, respectively, Bessel and Neumann functions of
order n. Recall that N, (kp) goes to —oo as p approaches zero. Therefore for
solutions that are required to be finite at the origin, we must set D,, = 0.
Thus, for most applications, the solution of the Helmholtz equation is given
by a linear combination of u,(p, ¢) with

un(p, ) = Ju(kp)(Ay cosng + By sinng). (6.7)

In what follows, we shall show that not only the two-dimensional wave equa-
tion and heat equation reduce to the Helmholtz equation when the time-
dependent parts are separated out, but also the three-dimensional Laplace
equation in cylindrical coordinates reduce to the Helmholtz equation when
the z dependence part is separated out. In that case, the separation constant
can be either +k2 or —k2.
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6.3.1 Vibration of a Drumhead: Two-Dimensional Wave Equation
in Polar Coordinates

Whenever a membrane is a plane and its material is elastic, its vibrations are
governed by the wave equation

2 _ 1 822
a2 orr”

where z is the displacement (the height of the membrane from the plane).
For a circular drumhead, naturally we want to use the polar coordinates.

Let the membrane be stretched over a fixed circular frame of radius ¢
in the plane of z = 0. Initially the membrane is deformed in the shape of
z(p,¢,0) = f(p, ) and released from rest in that position. Hence to find the
displacements z(p, ¢, t) is to solve the following problem:

2 2 2
DE. 0 19 19 ] 190

— - L v N 9 ¢
8p2 + pap + p2 8@2 Z(p,g@, ) a2 ath(p7spa )7
B.C.: z(c, o, t) =0,

B)
LC:  2(p,0,0) = flp,0), =

ot

t=0

To separate the time-dependent part and the space-dependent part with the
assumption z(p, ¢, t) = u(p, v)T'(t), we find two ordinary differential equations
TII (t)
a?T(t)

=X

and

1 [13< a( )>+1 0? o] =2
= | pz—ulp, — = ulp, = A
u(p.p) Lpop \"9p " P2 age ¥

For the same reason as the vibration of a string, the separation constant must

be
A= k%,
so the time-dependent part is governed by
T(t) = —k*a®T(t) (6.8)

and the space-dependent part by the Helmholtz equation

10 0 1 62 )

with (6.7) as its solution

u(p, p) = Jn(kp)(Ay cosng + B, sinny).



6.3 Two-Dimensional Helmholtz’s Equations in Polar Coordinates 317

In order to satisfy the boundary condition z(c,¢,t) = 0, we must have
u(e, ) = 0. This means that k cannot be any constant, it must satisfy the
condition

Jn(ke) = 0.

Let ky;c be the jth zero of nth order Bessel function J,(x), then k& must be
equal to one of the k, ;. The same k,; must be used in (6.8), so

T(t) = c1 cos kpjat + casink,jat.
Furthermore, to satisfy the initial condition

9 AT (t)
p— t = —_— =
8t2(p7 ©,t) . u(p, ) a |, 0

the derivative of T'(t) must be zero, therefore ¢ must be set to zero. Thus for
each n and j

Znj (P, t) = JIn(kn;p)(Ap cosng + By, sinny) cos(akn,;t).

The general solution, which is a linear combination of all these terms, is a
double sum of all possible n and j

z(p,p,t) = Z Z I (knjp)(anj cos ne + by sin ng) cos(aky,;t),

n=0 j=1

where we have consolidated the constants into the coefficients a,; and by,;.
These coefficients can be determined by the other initial condition

Z(pv@ao) = f(pv 90)

20,0,0) =D > Tulknjp)(an; cos ng + by; sinng) = f(p, ).

n=0 j=1

Let us first define

Fa(p) = Z ;I (knjp), (6.9)

Gnl(p) = anjjn(knjp) (6.10)
j=1
and express z(p, ¢,0) in terms of them

> {Fu(p) cosng + Gnlp) sinng} = f(p, ).
n=0

Regarding p as a parameter, this equation is in the form of a Fourier series,
therefore F),(p) and G,,(p) are given by
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1 271'

Fu(p) = — ; f(pp)cosnpdp, n=12,....
1 27
— f(p,p)cosnpdp, n =0,
27T
1 271'

Gnlp) = — ; f(p,p)sinnpdp, n=1,2,....

Putting them back into (6.9) and (6.10), we have
1 2
Zam knjp) = p f(p.p)cosnpdp, n=12,...,
0
1 27
Zam knjp) = a7 ), f(p,p) cosnpdp, n=0,

1 27 .
anjJn(%p):; | flp.p)sinnpdp, n=12,....

For each fixed n, the series is recognized as a Fourier—Bessel series. The
coefficients can be determined by multiplying both sides by pJ, (knip) and
integrating from 0 to ¢

/ In(Fnip Zam knjp)dp
0

c 1 27
=/ P (knip) — f(p,p)cosnpdpdp, n=1,2,....
0 0

Because of the orthogonality of the Bessel functions, all terms on the left-hand
side are zero except the term with j =1

c 1 c 27
i / pJ (knip)dp = = / / pIn(knip) f(p, ) cos np dedp.
0 0 0

Recall . 1
/0 PJ,QL(k’niP)dP = 502J5+1(knic)>
therefore
2 27
Ui = / / pdn(knip) f(p; o) cosnpdedp, n=1,2,...
mc2J2, (knic 0

(6.11)
For n = 0, we have

2 27
T re2 12 (korC) koi ,p)depdp. 12
408 S P (kgic) / /0 pJo(koip) f(p; p)dpdp (6.12)
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Similarly,

9 2
bmzw/ / pIn(knip) f(p; p)sinnpdedp, n=12,....
(6.13)

Thus the solution of problem is given by

z(p, o, t Z Z Znj = Z Z I (knip)(an; cos ne + by; sinny) cos(aky;t)

n=0 =1 n=0 =1
(6.14)

with the coefficients given by (6.11)—(6.13).

Each z,;(p, ¢,t) term is known as a normal mode. Each mode is vibrating
in a periodic motion with a frequency of ak,,;/2m. If the initial displacements
happen to be in the shape of a particular mode, then the system will vibrate
in that mode. For example, if

2(p,,0) = f(p,p) = AJa(ka1p) cos 2,

then all the coefficients in (6.14) are equal to zero, except as; = A, and

2(p, . t) = Ada(karp) cos 2¢ cos(aka ).

Each mode has nodal lines (lines without motion), which consist of circles and
radial lines. Figure 6.4 shows a few of these modes of vibration, shaded parts
being displaced in the opposite direction to unshaded parts. If the drumhead
is vibrating in one of these normal modes, saw-dust sprinkled on it will collect
along the nodal lines, so that you can see them. It is not easy to obtain the
pure normal modes with initial conditions. However, if an oscillator vibrating

Olw

n=0,j=1
n=2,j=1 n=0,j=2

Fig. 6.4. Normal modes of drumhead vibration
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in the frequency of a particular mode is placed nearby, the drumhead will
eventually be vibrating in that mode, and the nodal lines become visible.

The general motion of a vibrating drumhead is a superposition of all these
normal modes. If nodal lines exist at all, they will not usually be of the simple
patterns.

Note that if the initial displacement is independent of ¢, then f(p, )
should be replaced by f(p). In that case, it follows from (6.11) and (6.13)
that a,; = 0 and b,; = 0 for all n except for n = 0. For n = 0, (6.12) gives

2 c
Go; = CQc]f(]fOiC)/o pJo(koip) f(p)dp.

In this case the solution is given by

)= X |y [ At (000 | o) costatit).

i=1
(6.15)
This is what one would expect if both boundary and initial conditions are
independent of ¢, then there is no reason that the final solution is dependent
on . Therefore in this case one can start with

2= R(p)T()

and obtain the result of (6.15) directly.

Ezxample 6.5.1. Find the frequency of the normal modes shown in Fig. 6.4.

Solution 6.3.1. The frequency of vibration for the nj normal mode is k,ja/27.
From the “Table of zeros” of Bessel functions, we find

Jo(z) =0 for z = 2.4048, 5.5201, ...
Ji(x) =0 for x = 3.8317, 7.0156,
Jo(x) =0 for x = 5.1356, 8.4172,

Therefore for the 01 mode, kgyc = 2.4048, and the frequency of this mode is
given by

koia  2.4048a

Vo = —F— =
2 2me

Similarly,
3.8317a 5.1356a 5.5201a

Vil = , Va1 =

2me 2me
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Ezxample 6.53.2. If the membrane and its frame are moving as a rigid body
with unit velocity perpendicular to the membrane and the frame is suddenly
brought to rest, then the membrane will start to vibrate. The vibration can
be modeled with the following boundary value problem:

D.E.: V%z(p,t) = i0—22(/} t)
’ a? o2
B.C.:  z(ct)=0,
0z

1.C.: 0)=0 —
#p,0)=0, = .

=1.

Find the displacements z(p, t).

Solution 6.3.2. With z(p,t) = R(p)T'(t), the time- and space-dependent
parts are, respectively, given by

T(t) = ¢1 coskat + ¢y sin kat

and
R(p) = Jo(kp).

The boundary condition requires that Jy(kc) = 0. Therefore k must be equal
to one of koj;, where koj;c is the jth root of Jy(xz) = 0. The initial condition
requires 7'(0) = ¢; = 0. Thus

Z(p7 t) = Z ijo (kojp) sin kiojat.
j=1

Now the other initial condition requires that

9z
at

= ijkojajo(kojp) =1.
t=0 j=1

Multiplying by pJo(ko;p), integrating from 0 to ¢, we obtain

2 C
bijkoja = CQJf(kojC)/o pJo(kojp)dp.

Recall . .
/0 2Jo(@)dz = /O dla (2)],

so
1

kg;c).
k‘OjCJl( OJC)

/0 pJo(kojp)dp =
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It follows: 5 1
bikoa = —5—— J1(k
jRoja 272 (ko )k()]c 1(kojc),
b 2 1
a ackgj Jl(kojc).
Therefore

sin k:ojat
= J ko
ac Z konl ko, ) o(kojp)

is the displacement, where ko;c are the positive roots of Jy(z) = 0.

6.3.2 Heat Conduction in a Disk: Two-Dimensional Diffusion
Equation in Polar Coordinates

The solution of the diffusion equation

10

2
F=-2
v a2 Ot

in the form of F(p, p,t) = u(p, )T (t) is similar to that of the wave equation.
In terms of u(p, ¢) and T'(¢), the equation can be written as

u(p, ) |0p2  pdp  p? Ip? e - T(t)a? 0t '

Again both sides must equal to the same separation constant

1 {W+18+1W}( = A
ot oa Tt S| wee) = A,
u(p,p) LOp* ~ pdp  p? 0p?
1 10
——=T(t) = A\
T(t) a® Ot ®)
The separation constant must be negative, A\ = —k?, just as in the wave

equation, but for a slightly different reason. If A were equal to +k2, then
T(t) = ekza%, which would make the temperature increase without bound
as time increases. This is physically unreasonable. (Formally we say that it
violates the principle of conservation of energy.) Not only that, A = k2 would
render the space part fail to satisfy the boundary conditions. It is possible
to have A = 0, indicating that the system has already reached equilibrium.
However, we should be able to solve the problem with A # 0, and show that
the solution reduces to that of A =0 as t — oo.

With A = —k?, T(t) = e~k*a*t and the space part is given by the
Helmholtz equation. While this equation is identical to the one obtained in
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solving the wave equation, it is the boundary conditions that can make a
difference.

In the following examples, we will consider the heat conduction in a coin.
Its circumference can either be kept at a constant temperature, or be insulated.

Example 6.3.3. Find the temperature in the disk of radius ¢, the flat faces of
which are insulated. Initially the disk is at a prescribed temperature f(p). Its
outer edge is kept at 100° for all times.

Solution 6.3.3. Since neither the boundary condition nor the initial condi-
tion has angular dependence, so we know that the temperature distribution in
the disk is independent of the angle. Thus the temperature in the disk F'(p,t)
is the solution of the following problem:

10
D.E.: 2F=_—_=
v a? ot

B.C..  F(et) =100,
I.C.:  F(p,0) = f(p).

The problem is easier to solve if we make a change of variable. Let

F

3

u(p,t) = F(p,t) — 100.

The differential equation that governs u(p,t) remains the same

2 _19
Vaulp, t) = — 5 ulp, )

but the boundary condition and the initial condition are changed to
U(C, t) =0, U(P, O) = f(p) — 100.
The solution is given by
B
u(p,t) = Jo(kp)e ~

In order to satisfy the boundary condition u(c,t) = 0, k must be equal to one
of koj, where kojc is the jth root of Jy(x) = 0. Therefore the general solution
is the following linear combination:

ulp,t) = ¢ Jo(kojp)e "0,
=1

Since u(p,0) = f(p) — 100, so

f(p) =100 = u(p,0) = ZCon(k0jp)~
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It follows that:

¢j = CQJIQ(ZICOJC)/O (f(p) = 100)Jo(kojp)p dp-

Therefore the temperature distribution in the disk is given by

100 + Z Aj Jo(kojp)eikgja%,

j=1

2 e N
AJ - CzJ%(kOjC) /0 (f(p) 100)']0(]%]/) )p dp.

F(p,t)

Clearly, as t — oo, the temperature everywhere in the disk will settle down
to 100°, as it should be, regardless of the initial temperature.

Ezxample 6.5.4. Replace the boundary condition of the previous problem with
the condition that the edge of the disk is thermally insulated. Find the tem-
perature distribution u(p,t) in the disk if u (p,0) = f(p).

Solution 6.3.4. An insulated edge means that there is no heat flowing in
and out of the disk. Since the heat flux is proportional to the gradient of the
temperature, an insulated edge corresponds to the boundary condition

0
—u(p,t) =0.
dp pec
The solution of the diffusion equation is still given by

u(p,t) = Jo(kp)e ¥,

Now the boundary condition requires that

d
dipg]o(kp) - =0.
Recall d
@Jo(x) = —Jl(x).
This means d
IpJo(kp) e = —kJJ1<k‘C) =0.

Thus k must be equal to one of ki;, where kj;c is the jth root of Jy(z) = 0.
Therefore the general solution is

u(p, t) = Z ¢ Jo(k’ljp)e_k?fazt.
=0



6.3 Two-Dimensional Helmholtz’s Equations in Polar Coordinates 325

Note that in this case k19 = 0 is also an eigenvalue, since J;(0) = 0. Further-
more, since Jo(0) = 1, we can write this expansion as

2 2
u(p,t) = co+ chjo(hjp)e*k”a ‘.
j=1

With the initial condition u(p,0) = f(p), we have
flp) =co+ Y _ ciolkp)- (6.16)
j=1

The coefficient ¢; can be determined with the help of the orthogonality rela-
tions of the Bessel functions

C
/ pJo(k1;p)Jo(kiip)dp = 6ijﬁ(2)ja
0

where 5(2)]' is given by
1
ﬁgj = §CQJ02(k1jC)7
which follows from (4.55) with n = 0 and A = 0. Furthermore

c

= Ji(ki:c) =
klle( ljc) 07

/ pJo(kip)dp =
0

since kijc is one of the roots of Ji(z) = 0. Multiplying (6.16) by p and
integrating from 0 to ¢, we have

c (& 1
/ pf(p)dp :/ peodp = 5c*co
)

0 ¢
or

co = 2 / pf(p)dp.

2 Jo
Multiplying (6.16) by pJo(k1:p) and integrating from 0 to ¢, we have

1 C
C = — / pJo(kiip) f(p) dp.
Boi Jo
Thus the temperature distribution in the disk is given by

2 ¢ k2 a2
ulp,t) = / pf(p)dp+ 3 Bdo(kyyp)e e,

j=1

2 c
B = —— / i Ndo'.
J CQJg(kle) /O p JO(kljp )f(p )dp
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6.3.3 Laplace’s Equations in Cylindrical Coordinates

Three-dimensional Laplace equation V2V = 0 in cylindrical coordinates takes
the form
[ 0? 10 1 0? 0?

8p2+p8p+,028<,02+8z2} V(p,<p72):0

With V(p, ¢, 2) = u(p, ) Z(z), this equation can be written as

u(pp) 002 T 0o " p2og?| MY T Tz 02

Again both sides must be equal to the same separation constant,

ulpog) L0p2 " pap " pPog2] Y TN

1 92

Z(z) 022 2(2)
It is seen that after the Z(z) is separated out, the remaining equation for
u(p, ¢) is again a Helmholtz equation in polar coordinates. In fact, the equa-
tion looks exactly the same as that obtained from wave equation or diffusion
equation. However, there is a subtle difference. The difference is that in this
case, the separation constant A can be either positive +k? or negative —k?2,
depending on the boundary conditions. In the following examples, we will
illustrate that under certain boundary conditions we have to use +k2, while
under other boundary conditions we need to use —k2. In general, both +k?
and —k? are needed.

=\

Example 6.3.5. Consider a solid circular cylinder of radius ¢ and length L.
The temperatures at the bases of the cylinder are maintained at 0° while
the temperature of its lateral surface is specified by a given function f(z), as
shown is Fig. 6.5. Find the steady-state distribution of the temperature inside
the cylinder.

Fig. 6.5. Laplace equation in a circular cylinder. With this set of boundary con-
ditions, the solution is given by a series of products of trigonometric and modified
Bessel functions
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Solution 6.3.5. The steady-state temperature u satisfies the Laplace equa-
tion VZu = 0. Furthermore, since the boundary conditions do not depend on
angle, the solution will also not be a function of ¢. Therefore our task is to
solve the following boundary value problem:

D.E: Vu(p,z)=0,
B.C.:  u(p,0)=u(p,L) =0, ulc,z)=7f(2).

With u(p, z) = R(p)Z(z), we have

0? 10
[W n pap} R(p) = AR(p)
and &2
@Z(z) = —-\Z(2).

The boundary condition u(p,0) = R(p)Z(0) = 0 translates into Z(0) = 0.
Similarly Z(L) = 0. The Z equation and its boundary conditions remind
us of the problem of one-dimensional heat conduction with both ends at 0°.
These boundary conditions can be satisfied if the solutions are cosine and sine
functions. With the separation constant A chosen as +k?2,

Z(z) = c1coskz + cosinkz.
The corresponding R equation can be written as

0? 0
2 Y Y 22 _
<p 5 +p kp)R(p)O.

As we have seen in Chap. 4, this is the modified Bessel function of order 0. Its
solution is

R(p) = cslo(kp) + caKo(kp),

where Iy and K{ are modified Bessel functions of first and second kind of
order 0. Since K diverges as p — 0, to keep the temperature finite on the
axis of the cylinder, ¢4 must be set to zero. The condition Z(0) = 0 requires
¢1 = 0. The condition Z(L) = 0 requires k to be one of k,, where k, = nn/L
with n as an integer (n = 1, 2,...). Thus the general solution is in the form of

u(p, z) = ZA”IO (mp> sin (mz> .
= L L

The coefficients A, are determined by the other boundary condition

u(e, 2) = f(2),
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f(z) = ;Anlo <”L7Tc> sin <mz> .

L

This is a Fourier sine series. It follows that:

L
A,y (Tc) = %/o f(2)sin (Tz) dz.

Therefore the temperature distribution is given by

L
ulp, 2) = Z h(%c)z/o f(Z)sin (n:Z') d2' | Iy (Tﬁ) sin (Tz) .

n=1

Ezxample 6.53.6. Solve the previous problem with the boundary conditions
replaced by the conditions that both the curved and bottom surfaces are
kept at 0° and the top surface is specified by a given function g(p), as shown
in Fig. 6.6.

u=0

Fig. 6.6. Laplace equation in a circular cylinder. With this set of boundary condi-
tions, the solution is given by a series of products of hyperbolic and Bessel functions

Solution 6.3.6. This time the problem we need to solve is

D.E: VZu(p,z) =0,
B.C:  u(c,2) =0, wu(p,0)=0, wu(p,L)=g(p).

Again with u(p, z) = R(p)Z(z) we have

pr n ;aﬂ R(p) = AR(p)
and &2
@Z(z) = —-A\Z(2).

The boundary condition u(c, z) = R(c)Z(z) = 0 requires R(c) = 0.
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Now if A = +k2, as we have seen in the last example

R(p) = Io(kp).

Since Iy is a monotonically increasing function and is never equal to zero, this
choice cannot possibly satisfy the boundary condition.

If A = 0, the R equation becomes a Euler—Cauchy differential equation,
its solution is

R(p) =c1 +calnp.

To keep the temperature finite on the axis of the cylinder, we must set ¢o = 0.
To make R(c) = 0, ¢; must also be zero. Therefore we will not get a solution
for A = 0.

Finally, if A = —k2, the R equation becomes

28—2+ 9 ey R(p)=0
Paztrp, TR p) =0,

and the solution that is finite on the axis of the cylinder is given by the Bessel
function of zeroth-order

R(p) = Jo(kp).

To satisfy the boundary condition R(c) = 0, k must be equal to kg;, where
kojc is the jth root of Jy(z) = 0.
The corresponding Z equation is

d2

@Z(z) = k3; Z(2).

The solution of this equation is
Z(z) = c3 cosh kojz + cq sinh ko 2.

The condition u(p,0) = R(p)Z(0) = 0 requires Z(0) = 0, therefore ¢z must
be zero. Thus the general solution is in the form of

u(p, Z) = Z Ajjo(kojp) sinh k‘ojz.

j=1

The coefficients A; can be determined by the condition u(p, L) = g(p),

g(p) = Z Aj Jo(k/’()jp) sinh kOjL.

j=1

It follows that:
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2 c
A;sinhky; L = ——— Jo(kojp)p dp.
ssinlko L= s [ al)Tolkop)ods

Therefore the temperature distribution in this case is given by

2 ¢ / / / / :
_E . 0) sinh kn. 2.
u(p, 2) s Lsz(kojc)si I kOjL/o g(p")Jo(ko;p")p'dp" | Jo(ko;p)sinh kojz

Ezample 6.3.7. Find the steady-state temperature u(p, z) in the cylinder of
the previous example, subject to the boundary conditions: u(p,0) = 0, u(c, 2)
=Ti, u(p, L) = Tz, where T} and T are two constants.

u=0 u=0 u=0

Fig. 6.7. Principle of superposition. The problem on the left-hand side can be
broken apart as the sum of the two problems on the right-hand side

Solution 6.3.7. This problem can be solved by using the principle of super-
position and the results of the previous examples. The problem is shown on
the left-hand side of Fig.6.7. We break it into two parts on the right-hand
side of Fig.6.7. Suppose that we have solved the following two problems:

D.E: VZu(p,z) =0,

B.C.:  ui(p,0) =0, wui(p,L)=0, wui(c,z)="T1
and

D.E: VZuy(p,2) =0,

B.C.:  wuy(p,0) =0, wus(p,L)="Ts, wus(c,z)=0.

Clearly the required solution is

u(p, z) = u1(p, 2) + uz(p, 2),
since
V2ui(p, 2) + VZuz(p, 2),
u1(p,0) + u2(p,0) =0,
ui(p, L) +uz(p, L) =T,
ui(e, z) + ua(e, z) = Ty.

2u(p, 2)
u(p,0)
u(p, L)
u(c, z)

1
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From the results of previous examples

1 2 [t
ui(p,z) = Z 75/ T} sin DT az Iy (mp> sin (mz>
i (%c) 0 L L L

n=1

and
9 c
uz(p, 2) = ; |:C2J12(k0j0) b T L /0 TQJO(kij/)pldp/:| Jo(kojp) sinh ko, 2.
Since
2/OL T} sin nL—Wz’dz’ = { % :::;ii
and .
/0 Ty Jo(kojp')p'dp’ = Tzéle(kOjC%

it follows that the required solution is given by:

4T 1 1 nmw . nmw
u(p,z) = — ————— Iy —p)sin| —=z
T pZoda " Io (%C) L L
2y :
C = kOle(k:ojc) sinh k()jL

JO(kij) sinh kon.

6.3.4 Helmholtz’s Equations in Cylindrical Coordinates

Generalizing the above method for Helmholtz equation in cylindrical coordi-
nates is straightforward. However, it is important to appreciate the distinction
between solving Laplace equation and solving Helmholtz equation as an eigen-
value problem. For Helmholtz equation, a homogeneous boundary condition
can be imposed (the function can vanish on all boundary surfaces), whereas
the only solution of Laplace equation satisfying the homogeneous boundary
condition is the trivial solution that the function is identically zero every-
where. This is best illustrated by an example.

Example 6.3.8. Heat Conduction in a Finite Cylinder. Consider a solid
circular cylinder of radius ¢ and length L, its surfaces are kept at 0° all the
time. Initially the cylinder has a uniform temperature Ty, as shown in Fig. 6.8.
Find the temperature distribution inside the cylinder as a function of time.
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2139
V“—azat“

u=Tyatt=0

u=0

Fig. 6.8. Diffusion equation in a cylinder. Homogeneous boundary conditions can
be imposed for a Helmholtz equation

Solution 6.3.8. Let u be the temperature. It satisfies the diffusion equation,
which in cylindrical coordinates take the form

8724_1&_'_872 ( t)_ig( t)
apQ pap 822 u p7z7 - a2 atu p7Z7 I

where we have taken the advantage that this problem has no angular depen-
dence because of the axial symmetry. The boundary and initial conditions
are

u(c, z,t) = u(p,0,t) = u(p, L,t) =0,
u(p, z,0) = Tp.

With wu(p,z,t) = R(p)Z(2)T(t), this equation is first separated into two
equations

1 2 10 02
272 a2 T 59, T 9.2 Z(2) = — k2
R0z |2 T ooy T o | F02(2) = =k

1 1d B )
m;QT(t)— k2.

The separation constant has to be a negative number —k?, because the tem-
perature should be in the form of exp(—k2a?t). The differential equation of the
space part is a Helmholtz equation in cylindrical coordinates without angular
dependence. It can be written as:

1 9?2 190 1 92
-+ - — —_7(2) = —k2.
R 5 53] O+ Z ) =
We can set o2 5
1 1
—— | ==+ == R(p) = —k?,
R(p) [0,02 pap] (®) '
1 92
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so that k% = k? + k3. To satisfy the boundary conditions Z(0) = Z(L) = 0,
ko has to be ko = nw/L, so that

nm

Z(z):sin(fz), n=12,....

The solution for R(p) is the zeroth order Bessel function

R(p) = Jo(k1p).

In order to satisfy the condition R(c) = 0, k1 must be one of the ko; where
kojc is the jth root of Jy(x) = 0. Thus

2 9 nm 2
£ =+ (7)

o0 o0
nm —[k2 nmw 21q?
u(p, z,t) = Z::Z: an;Jo(kojp)sin (TZ> [k8;+(nm/L)*]a’t

and

The initial condition is such that
p,Z 0 Zzanjj(] k()Jp sin (72) = Tp.
n=1 j=1
It follows that:

4 C L
S T
Qpj CZJ%(kOjC)L /() /0 OpJO(kOJ p) Sln( )dde

Since
L 2L
. (/nm == n odd
/0 St (72) dz = { 0 meven’
¢ c
/ pJo(kojp)dp = +—Ji(kojo),
0 0j
therefore
nm 2 2] 2
, t k ( ) 7[k0_7+(n7r/L) ]a t
u(p, z, Z anonl Fo:0) Jo(koj;p) sin LZ e

n odd j

As expected u(p, z,t) — 0 for t — oo, at all points.
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6.4 Three-Dimensional Laplacian in Spherical
Coordinates

6.4.1 Laplace’s Equations in Spherical Coordinates

The Laplace equation V2F = 0 written in the spherical coordinates is in the
form of
10 4,0 1 0 0 1 0?

sinf— +

92, - 9 = T F(r0,0) =0.
2or or  r2sm0o0 " 90 'rzsin208<p2} (r,0,) =0

With the assumption F(r,0,¢) = R(r)O(0)®(p), we can multiply this equa-
tion by r?/F and obtain

1 0 ,0 1 19 . .0 I _
R R e Ev R R TPl LOLORY.
or

1 9,0 B 1 1 0 . ,0 10

R o 0 = ~amae | a9 05 ) OO

The left-hand side is a function or r, and the right-hand side is a function of 6
and . Since 7, 6, ¢ are independent variables, they can equal to each other,
if and only if both sides equal to the same constant. That is

1 9 4,0
— 2= = 1
R 5" 5‘7’R(T) A, (6.17)
1 1 0 ) 1 92
- | ——=—sinf—+ ———-—= | O0)P =\ 6.18
000(7) |sma a0 090 T s a2 OO2) (6.18)
Multiplying (6.18) by sin? 6, we have
1 0 0 1 02
- inf—sinf—06(0) — ————D(p) = Asin? 0.
o) sin g o5 sin 899() B(p) D2 (p) sin
Rearranging
1 0 0 1 92
inf_—sinf—-O0(0) + Asin®f = ——— &
9(e)sm 5g 5t 699( ) + Asin 3(5) 92 (©),

we see again that both sides must be equal to another constant

1 .0 . 0 .
— — + = 1
) sin ¢ g sin 6 09(9) Asin® 6 = p, (6 9)

1 92

TEFEA
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The $(p) Part of the Laplace’s Equation

The last equation governs @(p)

a%g@(w) )

So &(y) is given by
P(p) = exp[£iy/pe]

or by its real value equivalent

D(p) = c1 cos /e + cosin /.

335

But when ¢ is increased by 27, we come back to the same point. Therefore

D(p +2m) = D(p),

which means
exp[iy/u(p + 2m)] = exp[+iy/ug).

This requires /z to be an integer, \/t =m (m =0,1,2,...). In other words

p=m’

and

P(p) = exp[Eime].

The ©(0) Part of the Laplace’s Equation

With u = m?, (6.19) becomes

1 0 0
—_sinf—sinfd—06O(0 : 20: 2
@ sind o sin a9(9( ) + Asin m

or
g i 9g@(9)+ A— i e0)=0
sing 90 "7 90 sin? 0 -
Make a change of variable
r = cosf,
2 = @2 = —sin 92
00  000x oz’

sin?0 =1—cos?0 =1 — 22,

and let ©(0) = y(z), so (6.20) becomes

m2

dx [(1 - x2)£3y(:c)} + {A -1 xz] y(x) = 0.

(6.20)

(6.21)
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As we have discussed in Chap. 4, the solution of this equation will diverge at
2 = +1, unless A is equal to (I + 1), where [ is an integer (I =0,1,2,...). In
other words, in order to have a physically acceptable solution, the separation
constant A, as an eigenvalue, must be

A=1(+1).
With this A, the equation

e Ly + [+ 1 - 255 v =0
i |0 )] + [0 - 52

is known as the associated Legendre equation. An additional requirement for
this equation to yield an acceptable solution is that m must be in the range
of — < m < [. If these requirements are met, the solution of this equation is
known as the associated Legendre polynomials

y(z) = P"™().

Associated Legendre polynomials are all related to (derivable from) Legendre
polynomial P;(x), which is the solution with m = 0. The equation

d d

— Q-2 — I(1+1 =

5 [a= )] i ) =0

is known as the Legendre equation. Its solution is known as the Legendre
polynomial P;(x). Thus the ©(6) part of the Laplace equation is given by

6(6) = P! (cos h).

Therefore, together with @(¢) = e*™%, the angular part of the solution of
the Laplace equation in spherical coordinates can be expressed as spherical
harmonics Y;"(8, ¢).

Radial Part R(r) of the Laplace Equation

The radial part of the Laplace equation is given by (6.17). With A = (I + 1),
this equation becomes

r*—R(r) + QT%R(T) =1(l4+1)R(r). (6.22)

This type of equation is known as Euler—Cauchy equation, and can be solved
by a change of variable

dt 1
¢t t=lnr, —=-.
r

dr

r=e’,
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ar _ara_1an
dr — dtdr rdt’
d?R d |:1dR] _ 1dR 1ddR

@ rat] T @ rara

__1dR_1d[dR]dt__14R 1R
r2dt  rdt|dt|dr T r2dt r2 de2
So d2 d d?2R dR
2
S Ry tp=1 %
T N AT
Thus (6.22) becomes
d’2R dR
— 4+ —=[(l+1)R.
dt? * dt (+1k

This is a differential equation with constant coefficients. The standard way to
solve it is to set
R(t) = e™,
SO
AR _ e LR
dt de?
Thus m can be determined from

d’R
_ m2€mt .

m?4+m=1(1+1)

or
(m—-0D(m+1+1)=0.
Clearly
L,
"= { -1
Therefore

elt _ ellnr _ ,r.l7
R(r) = o—(+1t _ o—(+1)Inr _ 1
L

Thus, the general solution of the Laplace equation is given by

o0 l

1 . .
F(r,0) = Z Z <alm7“l + blmrl+1> Pl‘ |(cos )etme.

=0 m=—1

If the problem has no ¢ dependence (m = 0, a common case), the solution

reduces to
oo

1
F(r,0) = Z (alrl + bl7JJr1> Py(cos ).

=0

The coefficients a;,, and by, are to be determined by the boundary conditions.
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Ezxample 6.4.1. A hollow conducting sphere of radius ¢ is divided into two
halves at the equator by a thin insulating strip. The upper hemisphere is
charged to a potential Vj; and the lower hemisphere is kept at zero potential,
as shown in Fig.6.9. Find the potential inside and outside the sphere.

Fig. 6.9. A hollow conducting sphere

Solution 6.4.1. The electrostatic potential V satisfies the Laplace equation
and the problem is axially symmetric, therefore the general form of the

potential is
o0

1
V(T7 0) = Z (alrl + blrl—ﬁ-l) PZ(COS 9).

1=0
The boundary conditions are

Vo for 0 <0 <m/2,
Ve, 0) =
0 form/2<6<m.

Inside the sphere (for r < ¢) we require the solution to be finite at the origin
and so by = 0 for all /. Imposing the boundary conditions at r = ¢, we have

Z aic' Pi(cos0) = V(c,0).
1=0

The orthogonality of the Legendre polynomials enable us to determine the
coefficients a;. We multiply both sides of this equation by P, (cos ) sin 6 and
integrate from 6 = 0 to =,

Zalcl/ Py(cos0) P, (cos 0) sinf df = V (e, 0) P, (cos ) sin 6 df.
o 0=0 =0

Since

™ 1
2

/ Pi(cos )P, (cos ) sinfdf = / P(z)Py(x)de = ——

9—=0 —1 2n + 1

nls
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SO

9 T /2
anc" = V(e, )P, (cosh)sinfdf = VO/ P, (cos ) sinfde.
2n+1 6—0 6=0

Changing n to [ and cosf to x, we see that a; is given by

12041 1
= ;2 vo/O P()da.

a

Therefore

V(r,0) = i <212+ v, /OlPl(x)dx) (g)lPl(cosﬂ).

=0

Since low order Legendre polynomials are relatively simple, the first few
coefficients can be easily evaluated

3 7

1
aozivo, a; =—Vo, az2=0, CL3:_1603V0"" :

Thus

1 3.7 T o/r\3
V(r,0) = =Vp + Vo Py (cos 0 ——(7) Py(cosf) + - .
(r,0) = 5Vo+ Vo Pileost) = 55 (7)) Palcosd) +
For this problem, the general coefficients a; can be expressed in a closed
expression. Sometimes, this is quite important. For example, if we want to
program the computer to sum up the potential to a high degree of accuracy,
then it is useful to have an analytic expression. Recall

1 1
/0 Pi@)dr = 5= [Pi1(0) = P (0)

and P;_1(0) = P41(0) = 0 if [ is an even number (so I — 1 and [+ 1 are odd).

Thus a; = 0 for all even [ except ag, which is equal to Vj /2. Therefore, V (r, 6)
can be written as

1 o0
V(r,0) = §V0 + Z a2n 172" Py i1 (cos 0),

n=0
where )
1 4n+3
a2p+1 = WTVO/O P2n+1($)d$.
Now, since
1
1
Py, de = —— [P, (0) — Popi2(0
| Prra(@)de = T2 Pau(0) = Povia(0)

and we have shown in Chap. 4 that
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Pon(0) = (-1)" gy
w0 ! 1 . (2n)! 4n+3
[ P = e g2 L )

Therefore V (r,0) inside the sphere is given by

Vi > 2n)! 4dn + 37 /r\2ntl
Vr,0)= ?O {1 + z_;) {(_1)”22(71(72!)22” i 2} (E) P2n+1(0059)} .

Outside the sphere (for r > ¢), we require the potential to be bounded as
r — 00. So we must set a; in the general expression to zero for all {. In this
case, by imposing the boundary condition at r = ¢, we have

|
;blcmﬂ(cos 0) = V(c,0).

Following the same argument as before, we find

1 20+ 1 !

Therefore V (r,0) outside the sphere is given by

Vin) = 0 {1 DY g s (5 Pzn+1<cosa>} |

It may be noted that the solution for r < ¢ and the solution for r > ¢ are
equal at r = c.

Example 6.4.2. Electrostatic Potential of a Ring of Charge. Find the electro-
static potential at a general point in space due to a total charge of @ uniformly
distributed over a ring of radius c.

Solution 6.4.2. From elementary physics we learnt that the electrostatic
potential V' at a field point P due to a point charge @ is

_Q
V=2,

where d is the distance between the field point P and the charge. Therefore at
the point P on the z-axis at a distance z above the plane of the ring (shown
in Fig.6.10), the electrostatic potential is given by

_ Q
- (22 T 02)1/2’

since all points of the ring are at the same distance (22 + ¢?)/? from the field
point P.
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c

Fig. 6.10. Electrostatic potential of a ring of charge

To calculate the potential at a general point off the z-axis would be quite
difficult if we are trying to sum up the potential due to the charges on the
ring. However, we can find the potential by using the facts that the potential
V(r,0) satisfies the Laplace equation and it reduces to V(z,0) when r = z
and 6 = 0. First if r > ¢, since we require V(r,0) to be bounded as r — oo,
all a; in the solution of the Laplace equation must be set to zero, and what is
left is

Zbl l+1 Py(cosb).

Furthermore, for 7 = z and 6 = 0,

Zbl l+1 Zbl l+1’ (6.24)

since P;(1) = 1. But for r > ¢,

-1/
Ve = = 2 (]
nd
' 2] 72 1 /eN\2 3 /c\* = c\ 2k
OISO RHE soe= e (3)

where the binomial coefficients ¢y, are given by

414 =1 [ = (b= 1)] 010850k 1)

2k = k! =D 2k !
L35 (k- 1) (2K)(2k—2)-2 L (2K)!
=D 2k k! (2k)(2k —2)---2 (=1 22k (k12"

Therefore

vieo = 2 {13 [0 (9"
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Comparing with (6.24), we see that b, = 0 for all odd {. Thus (6.24) can be
written as
by
V(2,0
(2,0) = - Z o

1=0
and

(2O o
2A(N2°

Now we conclude that the potential V(r, ) for r > ¢ must be

Vi, {1+Z 122”' (j)zlPQZ(cose)}.

This is so because this function without any arbitrary constant satisfies the
Laplace equation and reduces to the correct answer on z-axis. The uniqueness
theorem (shown in Chap. 2, vol. IT) states that there is only one such function.

The potential for » < ¢ can be found in a similar way. Because of the axial
symmetry and the requirement that the potential is bounded at r = 0, the
solution of the Laplace equation must be in the following form:

= Z a;rtPy(cos 6).
1=0

For r = z, 6§ = 0, this solution becomes

Zalz pP(1 Zalz

Comparison of this expression with

Ve = it = e ()]

- [ ()] e

by = Q(—l)lz

clearly shows

L R 0,

Q l (QZ)' CZl.

@20 = 311 (1) 22I(11)2

Therefore the potential for r < ¢ is given by

V(r,0 {1+Z l22l E (g)m ng(cose)}.
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Example 6.4.3. Conducting sphere in a uniform electric field. A grounded con-
ducting sphere of radius rg is placed in a previously uniform electric field Ey.
Find the electrostatic potential outside the sphere.

Solution 6.4.3. The electric field E is related to the potential V' by —VV
= E. Therefore the uniform field, taken in the direction of z-axis, has an
electrostatic potential

V = —FEypz = —Eyrcos?,

since

0
_V(_EOZ) = kEOEZ = Eo.

This potential satisfies the Laplace equation V2V = 0, as must the potential
when the sphere is present. We select the spherical coordinates (r,0,¢)
because of the spherical shape of the conductor. Furthermore, with the positive
z-axis chosen to be the direction of the field, this problem is clearly axially
symmetric. Therefore the general solution of the Laplace equation is given by

oo

Vr,0) = Z (alrl + blrllﬂ> Py(cosb). (6.25)

=0

Since the original unperturbed electrostatic field is kFy, we require, as one
boundary condition

V(r — 00) = —Egrcos = —EyrP(cos0).
At large 7, (6.25) becomes

V(r,0) = Z a;rtPy(cos 8),
1=0

since 1/r*1 — 0, as r — oo. The last two equations clearly show that
ap=—FEy and a; =0, [#1.

The other boundary condition requires V (rg,0) = 0, because the sphere is
grounded. That is

=1
V(ro,0) = —EgroPy(cos6) + > blﬁpl(cos 9) = 0.
1=0 0

Clearly
b1 ZE()TS) and b[ = 0, l# 1.

Thus the potential is given by

V(r,0) = —Eqyrcosf {1 - 3] . (6.26)
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This solution is similar to (6.6), which describes the potential produced by
a conducting cylinder placed in a uniform field. The only difference is that
(ro/r)3 is replaced by (ro/p)?.

Ezxample 6.4.4. Sphere in a uniform stream. For an ideal incompressible fluid,
the velocity v of the flow is derivable from a velocity potential U, such that
v = VU, where U satisfies the Laplace equation V2U = 0. A sphere of radius
ro is placed in a uniform stream, find the velocity potential.

Solution 6.4.4. At infinite distance from the sphere, the flow is uniform. Let
the velocity v be in the direction of z-axis,

U(r — o0) = vz = vrcosf = vrPy(cosb).

The velocity normal to the surface of the sphere must be zero
ou
— =0.
[ or } -
T=T0o

Again our solution is given by

o0

1
U(r,0) = Z (alrl + blrl-i-1> P;(cos0).

=0

To satisfy the asymptotic boundary condition

Ulr — o) = Z a;rt Py(cos @) = vrPy(cosf),
1=0

we must have
ap=v and a =0, 1+#1.

Thus
1
U(r,8) = vrP(cosf) + Z blﬁPI(cos 0).
1=0
Now
ou —, (I+1)
5 = vPy(cosh) — ;blwﬂ(cos 0),
oU —, (+1
{87‘} ) = vP;(cosf) — Zbl%}’l(cos 6) =0.
=70 1=0 0
Clearly

1
b, = ivrg and b, =0,1#1.



6.4 Three-Dimensional Laplacian in Spherical Coordinates 345

Therefore

3
— To
U(r,0) =vcosf {r + 27"2] . (6.27)

This result is similar to (6.26) but not identical. Note that the tangential
component of the electric field is zero at the surface of the sphere, whereas
the normal component of the velocity of the flow at the surface of the sphere
is zero.

6.4.2 Helmholtz’s Equations in Spherical Coordinates

In spherical coordinates, the Helmholtz equation takes the form

10 5,0 1 9 . 0 1 9?2 5
Sl CsinG s + k2| F(r,0,¢) = 0.
{7“2 6rr Oor 1r?sin6 o0 st 09 r2sin? 0 0p? (r.0,9) =0

With F(r,0,¢) = R(r)O(0)®(y), this equation can be written as

R

1[0 ,0 9 9 1 1 90 . 0 1 02
—r°—+k R=—— —sinf— + ——— | 6.
[87‘T ar T 06 5606 96 " sin? 0 952

Both sides of this equation must be equal to the same separation constant.
It is seen that the angular part of the solution ©(0)®(yp) is identical to those
of Laplace equation. Therefore the separation constant must be (I + 1).
Therefore the radial equation takes the form

d? d
2 2.2 _
r ﬁR(T) + QTER(T) + [k = Il + 1)]R(r) = 0.
With a change of variable x = kr, this equation becomes the spherical Bessel
equation. Therefore the solutions of this equation are spherical Bessel and
Neumann functions j;(kr) and n;(kr). The following example is an illustration
of the use of these solutions.

Example 6.4.5. A particle of mass m is contained in a sphere of radius R.
The particle is described by a wavefunction satisfying the Schrédinger wave
equation

I V2p(r, 0, 2) = Ep(r,0
7% 7/)(7'7 ,Z)— 1/’(7”, ,Z)

and the conditions that the wavefunction 1 remains finite and goes to zero
over the surface of the sphere. Find the lowest permitted energy E.
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Solution 6.4.5. This equation can be written in the form of a Helmholtz
equation

(V24K =0
with 9
2 m
K =5 B,

The radial part R;(r) of the solution ¥ = R;(r)Y;™ (8, ¢) is given by
Rl(’l“) = aljl(kr) + bl’nl(k’l“).

Since the function has to remain finite, we set b; = 0 as the spherical Neumann
function diverges as r — 0. For the function to go to zero over the surface of
the sphere, kR must be one the roots of j;(x) = 0. For the lowest energy, kR
must be the first zero of jo(x). Since

) 1.
Jo(z) = —sinz
the zeros are at * = nm, n an integer. Thus k£ = nmw/R. Therefore the energies
are ) )
h h 2
Emin = 71{/’2 = 5 (ﬂ)
2m 2m \ R

with the minimum energy for n =1,

= 22 (2)"

6.4.3 Wave Equations in Spherical Coordinates

In Chap. 5, we have seen that one of the solutions of the wave equation

0? 1 02

002" = a2 "

is the plane wave

u(x,t) _ ei(lcszat) _ ei(kmfwt),

where the wavelength is 27 /k and the angular frequency is w = ka. This is a
plane wave because its wave front is a plane perpendicular to the z-axis. It
moves from left to right with velocity a.

By expressing the wave equation in spherical coordinates, we can study
the spherical wave, the wavefront of which is a spherical.

First let us assume that the spherical wave depends only on the radial
distance r. In this case, the wave equation can be written as

T 22 = 5 L
a2 T rar | YT @2t
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Multiplying both the sides by r, we have

0? 0 1 02
|:T87"2 + 287":| U(T, t) = gw['ru(r, t)]
Since

"oz T ior = o2

we can write the three-dimensional wave equation as

{ o 28} u(r,t) = iz[ru(r, )],

2 1 2

S5 lru(r,t)] = pripys [

52 ru(r,t)].

Clearly ru(r,t) plays the same role as u(z,t) in the one-dimensional wave
equation. So one of its solutions can be written as

TU(T, t) _ ei(krfwt)

or

1.
u(r, t) _ 7e1(kr7wt).
r

We can interpret this solution as the outgoing spherical wave with a wave
length 27 /k and a angular frequency w. Note that its amplitude is decreasing
by a factor of 1/r, as r is increasing. This is what it should be, since the area
of the wave front is increasing by a factor of 72. So the intensity of the wave
(energy per unit area which is proportional to |u|?) summed over the wave
front is a constant.

In general, spherical waves also depend on 6 and ¢. The angular depen-
dence is determined by the boundary conditions, or on how it is generated.

The separated solution of the wave equation is the product of a time-
dependent part and a space part. The time-dependent part is exactly the
same as that of the one- and two-dimensional wave equations, namely

T(t) _ eikat7 efikat

or their real part equivalents. Furthermore, et*! can be written as e™«!,
where w is the angular frequency.
The space part is governed by the Helmholtz equation. In spherical coor-

dinates, solutions are given by
Fim(r,0,0) = aimji(kr) + bimn (kr)]Y;™ (6, ¢).

If we are looking for an outgoing spherical wave at large r, then we have
to combine the spherical Bessel function j;(kr) and the spherical Neumann
function n;(kr) into the spherical Hankel function hl(l)(kr) of the first kind.
That is, by, has to be equal to ia;,. Recall as x — oo
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WY () 1 ite—m/2)
T

In this way, asymptotically u(r, 0, ¢,t) = F(r,0,0)T(t) will take the form of
1 .
Ulm (rv 97 2 t) - kiel(kTth)Yle (97 90)
r

The minus sign (—wt) is for a spherical outgoing wave, and the plus sign (+wt)
is for a spherical incoming wave. Thus, the general outgoing spherical wave is
a linear combination of the these components

[e%S) l

u(r, 0, ¢,t) Z Z almh( (kr)Y;™ (6, p)e .

=0 m=—1

Ezample 6.4.6. The acoustic wave u(r,t), satisfying the wave equation

1 62

az o

is emitted from a split spherical antenna. At r = rq, it satisfies the boundary
condition

Vi =

. Voe @t 0<6 <3,
S —Vee ™t T <O <.

Find the outgoing solution of the wave equation.

Solution 6.4.6. First the separation constant £ must be equal to

k=—.
a

Then we note that the boundary conditions are axially symmetric, we need
only to consider solutions with m = 0. Therefore

u(r,0,t) = Z alhl(l)(kr)Pl(cos e 1wt
1=0

Atr=nmrg

Vo 0<0<3,

u(rg,0,0) = Zalh (kro)Py(cos 0) = {—Vog<9<7r.

This is a Fourier-Legendre series, the coefficients are

920+ 1
ath™ (kro) = 2+v0

w/2 ™
/ P(cosf)sinfdd — / Pi(cos ) sin b d@]
0 /2

_ 0 [ even,
ol @+1 VofoPl z)dz [ odd.
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Therefore [ has to be odd and can be written as | = 2n+1 withn =0,1,2,....
Thus

u(r,0,t) = Z a2nt1 hgb)ﬂ (kr) P y1(cos 0)e ™t

n=0
with
4n +3 !
Aopy1 = (1)7‘/0/ Popyq(x)de.
h2n+1(k7”0) 0
With (6.23)

]€1I5n+1(x)dx 1 {(_ “ (2n)! 4n+3

T in+3 2112 2n + 2|

the outgoing acoustic wave is therefore given by

oo 1 )
u(r,0,t) = Z Anvomihégﬂ(kr)Pgnﬂ(cos 0)e 't
n=0 3y (Kro)
(2n)! 4n+3

An = (=1) 227 (nl)2 2n + 2

6.5 Poisson’s Equations

Poisson’s equation is a nonhomogeneous partial differential equation. The
most familiar one is probably

V2V (r) = —o(r),

where V(r) is the electrostatic potential and o(r) is the density of electric
charge (see Chap. 2 of vol. IT). This is a field equation. Although the potential
at the point r is created by all the charges everywhere, yet VQV(I‘) is mirac-
ulously related, through the Poisson equation, to only the charge density at
the same point r. The discovery of this kind of field equation is one of the
greatest achievements of analysis. At places where there is no charge, this
equation reduces to the Laplace equation, V2V (r) = 0.

In elementary physics, we learnt that the electrostatic potential due to the
charges uniformly distributed over a sphere is the same as if all the charges are
concentrated at the center, provided the point where the potential is evaluated
is outside the sphere. In the following example, we will illustrate how this
problem is solved in the context of theory of partial differential equations.
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Example 6.5.1. Find the electrostatic potential V' which satisfies the differen-
tial equation

2 _ _KQOT<T07
VV(I'){ 0 r>mg

and the boundary conditions
V —0, asr — o0,
and that V remains finite everywhere.

Solution 6.5.1. First we observe that the Poisson’s equation is a second-order
differential equation. The nonhomogeneous term, although discontinuous, is
finite everywhere, therefore the solution and its first derivative must be con-
tinuous. Furthermore, we note that this problem is spherically symmetric, the
solution will not have angular dependence. Thus for r < rg,

1d d
VQV(I') =2 {TZdTV(r)] = —0p,

which can be written as

* L v+ 20 Lv() = —o?
Tdr2 T Tdr T)= QOT.

This equation is an Euler—Cauchy equation. With a substitution of r = exp(t),
it can be changed into a nonhomogeneous equation of constant coefficients,

d? d ot

The solution of this equation is

1
V(t) =c; +coe™t — —gpe®.

6
Therefore 11
V(r)=ci + c2 .~ EQOTQ.

Because of the requirement that V(r) must be finite at » = 0, co must be set
to zero. Thus, for r < rg,

1
V(r)=ca — 6@07"2 = Vin(r).

For r > rg, the part of the solution of the Laplace equation that has no angular
dependence (depends on Py(cosf) = 1) is

1
V(’I’) = ag + bo;
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The coefficient ap must be set to zero to make V' (r) — 0 as r — oo. Therefore,
for r > ro,

Vir) = bO% V().

At r =1y,
d‘/jn r d‘/ou r
‘/in('ro) = Vout(TO)v d?“( ) = d;( )
T=To T=To
Therefore 1 ) L 1
1 — 6@07”3 = borT)’ _ngTO = —50%-
Thus

v { 1 (%o0ord) for r > rq,

T)=

1 1
300 (1§ — 37%)

Not surprisingly, these results are in agreement with what we obtain with

Gauss’ law in elementary physics. For example, the potential produced by a

point charge @ at the origin is

for r < rp.

Vir)= iQ

T dm

Our solution for r > ry can be written as

11 4 .
V(T’) = E; ( 037"8) .

Since 4713 /3 is the volume of the sphere, we can see that this result is the
same as if all the charges are put at the center.

6.5.1 Poisson’s Equation and Green’s Function

The Green’s function approach to solving ordinary differential equations can
be extended to partial differential equations.
The Green’s function G(r,r’) for Poisson’s equation is defined as

V3G (r,v') = 6(r — 1), (6.28)

where d(r —r’) is a three-dimensional delta function. In electrostatics, the
Green’s function is the potential at r due to a point charge of unit strength
at r’. In terms of Green’s function, the solution of the Poisson’s equation

V2u(r) = o(r) (6.29)
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// G(r,r")o(r)d3r,

where the volume integral is over the entire space. It can be easily shown that
u(r) so expressed satisfies the Poisson’s equation

V2// G(r,r') d3’—// V2G(r, ) o(r")d3r’
// 5(r — 1) o(r' )P+ = ofx).

We can bring V? inside the integral because V2 is operating on r and the
integration is respect to r’. Physically, (6.29) is a statement of principle of
superposition, the total potential is the sum of individual potentials created
by all the charges everywhere.

Now let us find G(r,r’) satisfying (6.28) and the asymptotical (boundary)
condition G(r,r’) — 0, as |r —r/| — oo. Since the problem is spherically
symmetric about r’, let us consider a sphere with center at r’. Integrating
(6.28) over this sphere, by definition of the delta function we obtain

//VVQG(r’r/)dST B ///V(S(r_r’)d‘?’fz 1. (6.30)
[ vewriar = [[[ v v

and according to divergence theorem

// V'VG(I‘,I‘I)dST:/ VG(r,r') -ndS,
v s

where S is the surface of the sphere and n is the normal to the surface. Note
that in the surface of the integral, r is at the surface of the sphere and r’ is at
the center of the sphere. Because of the symmetry around r’, we expect that
G has the same value everywhere on the surface of the sphere, i.e.,

can be expressed as

However,

G(r,r') = G(r —1'|) = G(r),
where 7 is radius of the sphere. Thus

VG(r,r') -n=VG(r)- ¢ Z%G(r)

and

/ VG(r,r') -ndS = 47T7“2£G(7“).
S or
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Comparing with (6.30), we have

0 0 1
27 = —_— =
dmr 8TG(T) 1 or arG(r) Pt

Integrating this expression, we obtain

1
G(T) = —m + C.

Since we require G(r) — 0 as r — o0, the constant C' must be zero. Con-
sequently the Green’s function is given by

1
Gr,r')=———.
(r,x') 4r|r — 1’|
This Green’s function is sometimes called fundamental solution to distinguish
it from other Green’s functions which satisfy additional boundary conditions.
Before we discuss them, we will use this Green’s function to solve the problem
of the previous example.

Ezxample 6.5.2. Solve the problem of the previous example with the Green’s
function method.

Solution 6.5.2. Let u(r) be the solution of the Poisson’s equation VZu(r) =

o(r), so
u(r) = ///V G(r,r")o(r)d3r'. (6.31)
Since
=17
and
Glr,r') = _m,

the problem is clearly spherically symmetric. Therefore u(r) is a function of
r only

T0 s 1 .
u(r) = 277/0 /0 mgorlz sin 6 dodr’,

where 7,7/, and 6 are defined in the following figure:
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Using the law of cosine and the generating function of Legendre poly-
nomials, we have

1 1

v —1/|  (r2 =211 cos@ + r'2)1/2

N
D (%) Pi(cosf) for r>1' .
L3 (ﬁ)l Pj(cosf) for r <7’

If r > rg, then clearly r > 7/, and u(r) can be expressed as

1 0 1 00 ’ l
= — — — P 12 ; /.
u(r) 200/0 /0 " l=§ y (r ) ) (cos 0)r'* sin 6 dOdr

With Py(cosf) = 1 and the orthogonality of the Legendre polynomials, we
can carry out the 0 integration

s T 2
/ Pi(cosf)sinfdo = / Py(cos0)Py(cos ) sinfdd = ——d.

Therefore for r > rg,

1 "1 1 1.
u(r) = igo/ ;2r'2dr' = ;9057’8.
0

For r < rg, the v’ integration can be divided into two parts, first from 0
to 7, then from r to rg. That is

u(r) = ui(r) + ua(r),

where

s Xy 1 .
ui(r) = 27r/0 /0 mg,ﬂﬂ sin 6 dfdr’,

To s 1 .
us(r) = 27r/r /0 mgor’z sin @ d9dr’.
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For uq(r), r > r' so

For ug(r), r <7’

I AL IR A o ,
ug(r) = §Q0/r /0 r’;(r’) P;(cos 0)r'* sin 6 dodr

To 1
Qo/ r'dr’ = 590(7"3 - Tz)-

Thus for r < rq,

1 1 1 1
u(r) = ngTQ + 5@0(7"8 —r?) = 59078 - 6907“2-

6.5.2 Green’s Function for Boundary Value Problems

The Green’s function derived in the last section (fundamental solution)
enables us to obtain the solution u(r) of Poisson’s equation which goes to
zero at infinity. Often the solution of the Poisson’s equation is required to
satisfy additional or other boundary conditions. For example, suppose we
have an electric charge distribution near a grounded conducting sphere. The
electrostatic potential, in addition to satisfying the Poisson’s equation, must
vanish at the surface of the sphere. If we can find a Green’s function that also
satisfies this boundary condition, then we can still use the integral (6.31) to
find the potential.

Thus, we want to find a G(r,r’) that satisfy the equation V?G(r,r') =
d(r —r') and at the same time vanishes at certain boundaries. In general, it
is difficult to find such a function directly. However, we note that if F(r,r’)
satisfies the Laplace’s equation V2F(r,r’) = 0, then

1

747T|I‘ — 1|

G(r,r') = + F(r,r') (6.32)

satisfies the equation that defines the Green’s function

V2G(r,r') = V2 [ } + V2F(r,r') = V? { ! ,|] =o(r—r').

Cdrmlr — 1| Cdmlr—r

It might be possible to adjust the constants in the solution of the Laplace’s
equation F'(r,r’) in such a way that (6.32) is equal to zero at the boundaries.
For boundaries of simple geometry, such as planes, spheres, circular cylinders,
this can indeed be done. We will illustrate this procedure in the following

example.
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Ezample 6.5.3. Find the Green’s function G(r,r’) for solving Poisson’s equa-
tion outside of a grounded sphere of radius R centered at the origin.

Solution 6.5.3. We try to find G(r,r’) in the form of

1

Cer) = ]

+ F(rr'),

where F'(r,r’) satisfies the Laplace’s equation

V2F(r,r') =0,
where V? is acting on r (not on r’). With r = r(r,0) and r’ as the z-axis,
F(r,r’) is given by

oo

1
F(r,r') = Z (alrl + blrlH) Pi(cos9).

=0

Since F(r,r’) is required to go to zero as r — oo, all a; must be set to zero.
Therefore

—, 1
F(r,r') = Z blmPI(COS 0).
1=0

If r is a point on the surface of the sphere (or as a radial vector from the
center to a point on the surface of the sphere, i.e., |r| = r = R), then

S|
F(r,r')|,—p = Zblwﬂ(cosf)),
1=0
where r, r’, and 6 are shown in Fig.6.11.

With this configuration,

o0

1 1 1 R\'
- ==Y (=) Plcosh).
|r — 1’| (R2 72R7‘/C089+T’2)1/2 r i (r’) 1 (cos @)

The condition G(r,r’)|,—r = 0 requires

11 /R < 1
- = (7”) H(COSG)—&—ZlePI(COSG):O.
=0

4 r!
1=0

Clearly
1 R by

A L T RIHL
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Fig. 6.11. The r,r’, and 6 in the configuration of the Green’s function. When r is

a point on the surface of the sphere, then |r| = R

or
R2l+1
b= ——.
Ayttt
Therefore -
|
F(r,r) = o Wﬁﬂ(cos 0).
1=0

It is interesting to write the last expression in the form of

et R2l+1 1 R o R2 l
; T —rlHPl(cos ) = - ; (r’r) Py(cos®)

R 1 R 1

1/2 =
' {1 — 28 o5 + (& )2} " [7‘2 - 27‘13—,2 cos 0 + (%2)2}

R2
T'r Tr

With the help of the following figure and the law of cosine, we see that
1/2

2 2\ 2
lrz - 21"R—/ cos + (R/> ]
r r

\ 0

RZ

%
r 7

/2"

Therefore the Green’s function in the presence of a grounded sphere is given

by
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1 1 1 R/r
v —71/| 4w v — (R%/r?)r!|
This kind of Green’s function is sometimes called Dirichlet Green’s function.

(When the values of the solution on the boundary are specified, it is called
Dirichlet boundary condition.)

G(r,r') =

Example 6.5.4. Find the electrostatic potential outside of a grounded conduct-
ing sphere of radius R. The potential is produced by a point charge ¢ located
at a distance a from the center of the sphere, and a > R.

Solution 6.5.4. The potential is given by the solution of the Poisson’s
equation
with the boundary condition

u(r)|,=r = 0.

Let the line joining the center of the sphere and the charge coincide with the
z-axis and k be a unit vector in the z direction, as shown in Fig.6.12. So the
charge distribution can be expressed as

o(r) = gd(x — ak).

In terms of the Dirichlet Green’s function, the potential is given by

—/// o(r)G(r,r/)a*r’

i ] o0 a0 [|r—1r'| e (ﬁg;'%rw &

u(r)

Fig. 6.12. Method of image. A point charge ¢ is placed at a distance a from the
center of a grounded sphere of radius R. The unit vector k is the direction of the
line joining the center and the charge
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The effect of the delta function is to replace r’ by ak and r’ by a in the Green’s
function. Thus

u(r) = 1 [ q (R/a)q 1. q 1 (R/a)g

T dn ||r—ak| |t —(R?/a)k||  4md, 4m  dy

_ 1 [ q B (R/a)q
dm [[r? —2racos® + a?]V/2  [r2 — 2r(R?/a)cosf + (R?/a)?]1/?

The first term is simply the Coulomb potential due to the point charge. The
second term is caused by the presence of the sphere. It is interesting to note
that if we replace the sphere by a charge —(R/a)q placed at (R?/a)k, we
would get the same potential for r > R. This is shown in Fig.6.12. In fact,
this is routinely done in electromagnetic theory. It is known as the “method
of images.”

Exercises

1. Find the steady-state distribution of temperature in a sector of a circular
plate of radius 10 and angle 7/4 if the temperature is maintained at 0°
along the radii and at 100° along the curved edge.

400 P\
Ans. u = — Y on odd (E) sin 4np.

2. Find the steady-state distribution of temperature in a circular annulus of
inner radius 1 and outer radius 2 if the inner circle is held at 0° and the
outer circle has half its circumference at 0° and half at 100°.

_ 50lnp = 200 1 p"—p™"

AnS. u = 1112 +72n odd Em Sinmp.

3. Find the solution the following boundary value problem inside the circular
annulus
Viu(p,) =0, 1<p<2,
u(l,p) =sing, u(2,¢) =sinep.

1
Ans. u= (ép—&— g) sin .
p

4. A particle of mass m is contained in a right circular cylindrical box of
radius R and height H. The particle is described by a wavefunction satis-
fying the Schréodinger wave equation

hQ
" 2m

VQ’(/J(’I“, 0,z) = E(r,0,z)
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and the condition that the wavefunction go to zero over the surface of the
box. Find the lowest permitted energy.

R? | [2.4048\% w2
Ans. By = 12 ],
e om ( R ) 7 1
5. A membrane is stretched over a fixed circular frame at r» = c. Its displace-
ment z(r,0,t) satisfies the wave equation

. 2\2
ﬁ—av,z

and the boundary condition
z(e,0,t) =

If the initial displacement of the membrane is

Z(T,@,O) = f(r)a

show that z has no 6 dependence and

2 < J )\ r cos)\ at
z(r,0,t) —2 0—/ rdo(A;r) f(r)dr,

JlAC 0

where \; are the roots of Jy(Ac) =0

6. In previous problem, if
z(r,0,0) = AJo(Agr),
where Ay is some root of Jy(Ac) = 0, show that
z2(r,0,t) = AJo(Agr) cos(Agat).

Observe that these displacements are periodic in ¢, thus the membrane
gives a musical note.

7. Consider a solid circular cylinder of radius ¢ and length L. Find the steady-
state distribution of temperature inside the cylinder if the temperature at
both the curved and top surfaces are kept a 0° and the bottom surface is
specified by a given function g(p).

Ans. u(p,2) =3, AjJo(kojp) sinh ko; (L — 2),

2 c
A'_ /J k A /d ,'
j_c2J12(/€0jC)Sinhk0jL/0 9(p")Jo(kojp")p'dp



8.

10.
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Starting with the heat conduction equation

1 Ou
Vi = ——
YT a2t

derive the following formula for the temperature in an infinitely long right-
angled cylindrical wedge bounded by a surface r = ¢ and the planes = 0
and 0 = 7/2, when these surfaces are kept at temperature zero and the
initial temperature is f(r,6)

u(r,0,1) ZZA"JJZVL n;T) sin 2nfe” (x nJG)zt7

where \,; are the positive roots of Ja,(Ac) = 0 and A,; are given by

w/2
72 [Jant1(Anjc)? Anj = 8/ / sin 2n0rJaop, (A7) f (1, 6)drd6.
0 0

Let u(r,t) be the temperature in a thin circular plate whose edge, r = 1,
is kept at temperature zero and whose initial temperature is 1. If there
is surface heat transfer from the faces of the plate, the heat equation has

the form

Ou O0%u 10u
E—w‘f‘;a—hu, h > 0.

Show that

u(r ) fgefhtZAJOJA r) o,
1

where \; are the positive roots of Jo(A) = 0.

Shrunken fitting. Over a long solid cylinder » < 1, initially at uniform
temperature A, is tightly fitted a long hollow cylinder 1 < r < 2 of the
same material at temperature B. The outer surface r = 2 is then kept at
temperature B. Show that the temperature in the cylinder of radius 2 so
formed is

A B
u(r,t) = Z N Jo()\ ) exp(— )\?aQt),
where \; are the positive roots of Jy(2A) = 0 and a? is the constant in

the heat conduction equation.

Hint: Let u(r,t) = U(r,t) + B, find the differential equation, boundary
conditions and initial condition of U(r,t). Then solve for U(r,t).
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11.

12.

13.

14.
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A two-dimensional region having the shape of a quarter of a circle of
radius b is initially at the uniform temperature of 100°. At ¢ = 0, the
temperature around the entire boundary is reduced to 0° and maintained
thereafter at that value. Find the temperature at any point of the region
at any subsequent time.

Ans. u(r,0,t) =, 3 ApmJon(Aamr) sin 2n6 exp(—A\2,,at),
where A, are the roots of Jay, (Anmb) = 0, and A, is given by

b? 400 [*

EJQn—&-l()\nmb)Anm = — TJQn(/\7LmT)dT-

nm 0

A very long cylinder of radius c is split lengthwise into two halves. The
surfaces of the halves of the cylinder are kept at temperature of +wug
and —ug, respectively. Find the steady-state temperature everywhere in-
side the cylinder.

2n—1
Ans. u(r,0) = 4& D onet 2n1— T (f> sin(2n — 1)6.

A two-dimensional region having the shape of a semicircle of radius b is
initially at the uniform temperature of 100°. At ¢ = 0, the temperature
around the bounding diameter is reduced to 0° and maintained thereafter
at that temperature. The curved boundary is maintained at 100°. Find
the temperature at any point of the region at any subsequent time.

Ans. u(r,0,t) = 120 Zn(odd) (£)" sinnf+
2 n(odd) 2om BnmJn(/\nmr) sinnf exp(—A2,,a?t), where By, is given by
2 400 [* r\"

B = me/o [1 - (5) ] Jn(Anmr)rdr, and A\, are the
roots of Jp(Ab) = 0.

Hint: Let wu(r,0,t) = V(r,0) + U(r,0,t), and choose the boundary con-
ditions for V(r,8) to be V(r,0) = V(r,m) = 0 and V(b,0) = 100. Find
the boundary and initial conditions for U(r, 6,t). Then solve for V and U.

Find the steady-state temperature at any point in a spherical shell of
inner radius by and outer radius b if the temperature distributions
u(b1,0) = f1(0) and u(by,d) = f2(0) are maintained over the inner and
outer surfaces, respectively.

Ans. u(r,0) = > _; (Anrn—i-Bnl_H) P,(cosf) with A, and B,
rn
given by

1 2n+1
Anbgl—i-Bnb?ﬁ: n /f1 . (cos 0) sin 6 d6,

1 2 1
At + By = el / F2(6) P, (cos 0) sin 0 6.
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The temperature distribution u(r, 6) = f(6) is maintained over the curved
surface of a hemisphere of radius b. The plane boundary of the hemisphere
is kept at the temperature zero. Find the steady-state temperature at any
point in the hemisphere.

Ans. u(r,0) =", caa an:— ! r"™ P, (cos 6 / F(0)P,(cost)sind'de’.

If V satisfies the Laplace’s equation V2V = 0 throughout the domains
r<candr >c and if V — 0 as r — oo, and V = 1 on the spherical
surface r = ¢, show that V =1 when r < ¢ and V = ¢/r when r > ¢.

Write a formula for the steady temperature u(r, ) in a solid sphere r < 1
if, for all ¢, u(1,0) = 1 when 0 < 6 < 37 and u(1,0) = 0 when 17 < 0 < .

Ans. u(r,0) = 5+ 5 3,0[Pon(0) = Paps2(0)]r>" ! Py i1 (cos 6).

Let u(r, 8) denote steady temperatures in a hollow sphere a < r < b when
u(a,0) = f(cosf) and u(b,0) =0, 0 < 6 < m. Derive the formula

b2n+ 1 2n+ 1

n+1
u(r,0) ZA W(%) ! P, (cosb),

2 1
A, = n2—|— / f(cos @) Py, (cosB)d cos b.
-1

Find the electrostatic potential u, which satisfies the Poisson’s equation
V2u(r) = —p(r),
due to the charge distribution
Arcosf for 0<r <R,
Q(r):{ 0 for >R

R5

—5 cost forr > R,

Ans. u(r,0) = 1 157 1
A (6R2r - 1OTS> cosf for r < R.

If electric charges are distributed over the surface of a sphere of radius R

with surface charge densities

o(r) = Ccosb,

where 6 is the angle between r and the z-axis, and C is a constant. Let
z be a point on the z-axis and z > R. Use the Green’s function to show
that the electrostatic potential u is given by

17 2mo(0')R? sin 6’

de’.
VR2 + 22 — 2Rz cost

u(z) =
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Evaluate this integral. Find the potential u(r, ) for r > R.

Hint: Use the generating function of the Legendre polynomial, and note
that Pj(cos @) = cos@.

1

1
Ans. u(z) = o) (;R3C> . u(r,0) = 2 (;RSC> cos .





