Physics 505 Fall 2005

Homework Assignment #3 — Solutions

Textbook problems: Ch. 2: 2.12, 2.13, 2.15
Ch. 3: 3.1

2.12 Starting with the series solution (2.71) for the two-dimensional potential problem with
the potential specified on the surface of a cylinder of radius b, evaluate the coefficients
formally, substitute them into the series, and sum it to obtain the potential inside the
cylinder in the form of Poisson’s integral:

RN b — p? /
D(p,9) = %/0 ®(b, o )52 + p% — 2bpcos(¢’ — ¢) 10

What modification is necessary if the potential is desired in the region of space
bounded by the cylinder and infinity?

The series solution (2.71) is given as

O(p,p) =ap+bolnp+ Z[anpn sin(ng + ay) + byp™ " sin(ng + Gy,)]

n=1

Since we want an inside solution, we take b,, = 0 so the potential is well behaved
at p = 0. With some rewriting of the series, we can then turn it into the equivalent
form

(p, lco+ Z < ) [en, cos(ng) + d,, sin(ng)] (1)

Breaking up the sin(n¢ + a,,) terms into sines and cosines is convenient because
we now end up with a standard Fourier series. The Fourier coefficients are

1 o / / /
Cn = 7—T/0 O (b, ¢") cos(ng') do
1 2 !/ . / /
b= [ 00 sintue) a0
Substituting this back into (1) yields
1 2m ,
2(5.0) = %/O 2(0, 0
142 Z ( ) cos(ng) cos(ng’) + sin(ng) sin(ngb'))] de¢’
1 27r
:%O 1—|—2Z<)cosn¢ o)| do’




2.13

a)

The series in the square brackets can be summed as a geometric series

1+2Z< ) cosn(¢' — @)
- P\" gin(¢'~¢) i(6'—0)
%_1+2;<b> ein(¢'—¢ 1+22( ¢’ ¢>>]
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(1 _ 2eid —¢>>> (1 _ ge—i(¢’—¢)>

1 (p/b)? + 2i(p/b)sin(¢/ — ¢) _ b — p?
1+ (p/b)? —2(p/b) cos(¢/ —9) b + p? — 2pbcos(dl — 9)

Inserting this into (2) finally yields the result

=R |1+

*p.0) = 5- | a0 o 4 3
PO = 9r I 02— 2pbcos(¢ — o)

Note that this can be obtained more directly from the Cauchy integral formula
of complex analysis (Jackson problem 2.21).

For the exterior solution, we may simply take p/b — b/p in (1). This corresponds
to making the replacement p < b in the fraction in the integrand of (3). Since
this only affects the numerator, the simple result is that we change the sign of

(p, ).

Two halves of a long hollow conducting cylinder of inner radius b are separated
by small lengthwise gaps on each side, and are kept at different potentials V; and
V5. Show that the potential inside is given by

— 2b
VitV Vi VQtan_1< p cos¢>

D(p,¢) =

2 T b2 — p?

where ¢ is measured from a plane perpendicular to the plane through the gap.

For the potential on the cylinder specified as

,

1




we may write the potential as an average piece on the cylinder plus a deviation
from the average

V() = 3(Vi + Va) + 5(V1 — V) sgn (cos ¢)

By linear superposition, the potential ®(p, ¢) is a sum of the constant (average)
term plus the term proportional to V; — V5. Using (3), we have

_V1+V2_|_V1—V2 b2 — p?

2m
2 A7 /0 sgn (cos ¢) b2 + p% — 2pbcos(¢’ — @) do’ (4)

®(p, 9)

We may break the integral up into two pieces
27 /2 3mw/2
/ sgn (cos ¢') d¢’ = d¢' — / d¢’
0 —7/2 /2

The second integral can be brought into the domain [—7/2, 7/2] by the shift ¢’ —
¢’ + m. This has the effect of flipping the sign of cos(¢’ — ¢) in the denominator
of (4). Hence

i+ Ve
D(p.¢) = ——
+ V]_ _ V2 /7‘(’/2 b2 _ p2 _ b2 _ p2 d¢/
4m —ns2 02+ p% —2pbcos(¢) — @) b% 4 p? + 2pbcos(¢) — ¢)
_ Vit Ve (Vi—Va)bo(h? - p?) /”/2 cos(¢/ — ¢) d¢
2 ™ _n2 (b7 + p?)? — 4b%p? cos? (¢ — @)

This can be integrated by making the substitution

u = sin(¢’ — @) du = cos(¢' — @) dg’

The result is

. 2 2 cos ¢
s(p.d)= AtV (Vi = Va)bp(b* — p )/ du

2 ﬂ- — cos ¢ <b2 - :02)2 + 4b2p2u2

This can be converted into an arctan integral with the substitution

2bp 2bp
x:mu x0:b2_p2cos¢
giving
Vi+Va V1—Vz/x° dx Vi+Va V=V, 1 |®o
) = = t
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2.15

b)

a)

Calculate the surface-charge density on each half of the cylinder.

The surface charge density is given by

dd Vi—V, _1 ( 2bp )
o= —€— = —¢ Op tan cos ¢
Cdplp=p — 7 b2 — p?2 b
Vl — V2 1 2b(b2 + p2) COS¢
= ¢ 2 7 (p2 _ 2\2
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Note that we would have ran into trouble had we made the substitution p = b
at too early a stage. Furthermore, this expression is valid for either half of the
cylinder. However the surface charge density blows up at the boundaries between
halves (where cos ¢ vanishes).

Show that the Green function G(x,y;z’,y’) appropriate for Dirichlet boundary
conditions for a square two-dimensional region, 0 < x < 1, 0 < y < 1, has an
expansion

o0
Gz, y;2',y) =2 gnly,y')sin(nmz) sin(nma’)
n=1

where g, (y,y’) satisfies

82
<8y/2 B n27r2) gn(y,y') = —4md(y’ —y) and  gn(y,0) =gn(y,1) =0

We start by recalling the the Green’s function is defined by
(02 + 85)G(a,y;2",y') = —4md(z’ — x)8(y’ — y) (5)

Although this is symmetric in 2’ and y’, the problem suggests that we begin by
expanding in ' (and also x). This of course breaks the symmetry in the expanded
form of the Green’s function. Nevertheless G(x,y;2’,y’) is unique for the given
boundary conditions; it just may admit different expansions, and we are free to
choose whatever expansion is the most convenient.

Given the boundary condition that G vanishes for 2’ = 0 and 2’ = 1, this suggests
an expansion in a Fourier sine series

Gz, y;2',y') = fula,y;y)) sin(nma’)
n=1



Substituting this into (5) then gives

oo

> (0 = n*m?) ful,y3y) sin(nma’) = —4md(a’ - 2)8(y — y) (6)

n=1

However this is not particularly useful (yet), since the §(z’ — x) on the right hand
side does not match with the Fourier sine series on the left. We can get around
this by invoking the completeness relation for the sine series

Z sin(nmz) sin(nrz’) = 36(x — ')

n=1

Replacing the delta function by the sum, we end up by rewriting (6) as

Z — 21 fo(x,y;9)) sin(nra’) = —876(y’ — ) Z sin(nmz) sin(nrz’) (7)

n=1

Matching left and right sides of the Fourier sine series indicates that the x be-
havior of f,(x,y;y’) must be given by sin(nmx). Putting in a factor of two for
convenience

ful,y39") = 2gn(y,y') sin(nmz)

finally motivates the expansion

Gz, y;2',y') =2 guly,y') sin(nme) sin(nma’)

n=1

When this is inserted into (7), we match the x and z’ behavior perfectly, and we
are left with an equation in 3’

(07 — n*m?)gn(y,y') = —476(y' — y) (8)

The boundary conditions are that G vanishes at 3’ = 0 and 3’ = 1. Hence we
must also demand g, (y,0) = g, (y,1) = 0.

Taking for g, (y,y’) appropriate linear combinations of sinh(nmy’) and cosh(nmy’)
in the two regions, ¢y’ < y and 3’ > y, in accord with the boundary conditions
and the discontinuity in slope required by the source delta function, show that
the explicit form of G is

oo

1
G(z,y;2',y") =8 Z rsnh(nm) sin(nmz) sin(nrz’) sinh(nry< ) sinh[nr(1 — ys)]
n=1

where y(y~) is the smaller (larger) of y and y/'.



To find the Green’s function for (8), we begin with the solution to the homoge-
neous equation (9, — n*7%)g,(y,y’) = 0. This clearly has exponential solutions
e’ or equivalently sinh(nmy’) and cosh(nmy’). As a result, we can write the
Green’s function as

(. y) = g< = ac sinh(nmy’) + b< cosh(nmy’) o' <y
InlY: ¥) = g> = as sinh(nmy’) + b~ cosh(nmy’) vy >y

We wish to solve for the four constants a~,b.,a~, b~ given the boundary condi-
tions g, (y,0) =0, g»(y,1) = 0 and the continuity and jump conditions

9> =9<  Oygs> =0ygc —4m  when y =y

We start with the boundary conditions. For g. to vanish at 3’ = 0 we must take
the sinh solution, while for g~ to vanish at y" = 1 we end up with a sinh(nr) 4+
b~ cosh(nm) =0 or b> = —a~ tanh(nm). Thus

a< sinh(nmy’) y <y
a~ [sinh(nmy’) — tanh(nn) cosh(nmy’)] v >y

9n(y,y') = {
The continuity and jump conditions yield the system of equations

(sinh(mry) — sinh(nmy) + tanh(nr) Cosh(mry)) (a<) _ ( 0 )

cosh(nmy) — cosh(nmy) + tanh(nm) sinh(nry) as 4/n
which is solved by

(Zi) _ m (sinh(mry) _sﬁri%;) Cosh(mry))
B 4 (cosh(mr) sinh(n7y) — sinh(n) cosh(ny) )

~ nsinh(nr) cosh(nm) sinh(nmy)

Inserting this into (9) gives

4

no_
In(v,y) = n sinh(n)

o sinh(nmy’)[sinh(nm) cosh(nmy) — cosh(nm) sinh(nmy
sinh(nmy)[sinh(nm) cosh(nmy’) — cosh(n) sinh(nmy

>=
@\
AN
<

This is simplified by noting
sinh[nm(1 — y)] = sinh(n7) cosh(nmy) — cosh(nr) sinh(nmy)

and by using the definition y. = min(y,y’) and y~ = max(y,y’). The result is

(y,9) = ——sinh inh[nr(1 —
an(y,y") nsinh(n) S8 (nmy<) sinh[nm (1 — y>)]



which yields

8
nsinh(n)

Gla,y;a'y) =)

n

sin(nmz) sin(nrz’) sinh(nry< ) sinh[nw(1 — ys )]

3.1 Two concentric spheres have radii a, b (b > a) and each is divided into two hemispheres
by the same horizontal plane. The upper hemisphere of the inner sphere and the lower
hemisphere of the outer sphere are maintained at potential V. The other hemispheres
are at zero potential.

Determine the potential in the region a < r < b as a series in Legendre polynomials.
Include terms at least up to | = 4. Check your solution against known results in the
limiting cases b — oo, and a — 0.

The general expansion in Legendre polynomials is of the form

O(r,0) = > [Agr’ + Byr "' Py(cos 0) (10)
0

Since we are working in the region between spheres, neither Ay, nor B, can be
assumed to vanish. To solve for both A, and By we will need to consider boundary
conditions at r = a and r = b

®(a,0) = Z[Agaz + Bpa Y Py(cosf) =V for cosh >0
]

®(b,0) = Z[Agbz + Bb 1 Py(cosf) =V for cosf <0
¢

Using orthogonality of the Legendre polynomials, we may write

2041 [1
Ava® + Boa="" = T+V/ Py(w) dz
0
20+1_ [° 20+ 1 !
Apb® + Bph 1 = T-l_V/ Py(x)dx = T+V(—)g/ Py(x) dx
-1 0

where in the last expression we used the fact that Py(—x) = (—)*Py(z). Since the
integral is only over half of the standard interval, it does not yield a particularly
simple result. For now, we define

Ne:/o Pg(:L‘)d:L‘ (11)

As a result, we have the system of equations

a® a1 A\ 20+1 1
() -5



which may be solved to give

Ay . 20 4 1VN 1 (_)Zbﬁ—i—l _ gttt
B,) 2 Ep2e+1 _ 2041 (ab) (b + (=) at)

Inserting this into (10) gives

vy (20 + 1)N, [(_)é (1+( et <b>e+1) (£>e

- 1— (%)2K+1
+ (1 + (=) (%)5) (g)”ll Py(cosf)

(12)
We now examine the integral (11). First note that for even ¢ we may actually
extend the region of integration

O(r,0) =

N[

1 1 1
Ny = [ Poarda =3 [ Prytorde =4 [ Pola)Paita)de = 550

This demonstrates that the only contribution from even ¢ is for ¢ = 0, corre-
sponding to the average potential. Using this fact, the potential (12) reduces
to

o)=Y SN () (1)
SCIORNION

Physically, once the average V/2 is removed, the remaining potential is odd under
the flip 2z — —z or cos® — —cosf. This is why only odd Legendre polynomials
may contribute.

ng_l(COS 9)

At this stage, we may simply perform elementary integrations to obtain the first
few terms Ny, N3, etc. However, we may derive a fairly simple expression for Ny
by integrating the generating function

(1— 2zt +t2)"1/2 = ZPg

from z = 0 to 1. In other words

o0 1
> Nt = / (1—2xt+t3)"V2de =t (=1 4+t + V1 +2)
=0 0



The square root yields a binomial expansion

l\')lr—\
N—
[\’J
<

(+2)12 = 1432 4 530+ - DD g+ -—1+Z

wlr—~ |

As a result )
V4 j+1 ) 25—1
ZNgt _1+Z 2\/_31 t

where we used the fact that I'(—3) = —2I'(1) = —2/7. Matching powers of ¢
demonstrates that all even N, terms vanish except Ny = 1 and that

L —3)

Noi 1 = (—=)+1

The final result for the potential is thus
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Taking a constant ¢ slice of the region between the spheres, the potential looks
somewhat like

up to P up to Ps up to Pr
We note that including the higher Legendre modes improves the potential near



the surfaces of the spheres. This is very much like summing the first few terms of
a Fourier series. On the other hand, the potential midway between the spheres
is well estimated by just the first term or two in the series. This is because both
r/b and a/r are small in this region, and the series rapidly converges (assuming
a < b, that is).

In the limit when b — oo we may remove (a/b) and (r/b) terms. Removing
the latter corresponds to having only inverse powers of r surviving, which is the
expected case for an exterior solution. The result is

O(r,0) — g + g E <;>2P1(cose) — g <g>4P3(C089) + .. }

which agrees with the exterior solution for a sphere with oppositely charged hemi-
spheres (except that here we have the average potential V/2 and that the potential
difference between northern and southern hemispheres is only half as large).

Similarly, when @ — 0 we remove (a/b). But this time we get rid of the inverse
powers (a/r) instead. The result is the interior solution

3 /r r

¢ —5-3 {5 (5) Piteost) = £ (5) Pateost) +]

which is again a reasonable result (this time with the hemispheres oppositely
charged from the previous case).



