3 Partial Differential Equations

3.1 Introduction

In the first year 1B21 course, you were introduced to various tricks to help in the solution of ordinary differential
equations, i.e. ones where there is one independent and one dependent variable. Only ordinary differentiation
is therefore involved. Since we live in a three-dimensional world, most differential equations are functions of the
three spatial variables (x, y, z) as well as perhaps the time ¢. One typical example is the Laplace equation

V2V (#) =0,

where V() is the electrostatic potential in the region where there is no charge. The operator V2, called the
Laplacian, was introduced into a 1B21 problem sheet. In Cartesian coordinates

o*V  9*V  9*V

2
V= . 3.1
v Ox? + Oy + 072 (3.1)
Another important example is the time-independent Schrédinger equation,
52
o VAU 4 V() W) = B, (3:2)
m

for the quantum-mechanical motion of a particle of mass m in a potential V(). ¥() is the particle’s wave
function and i = h/27, where h is Planck’s constant. There are many more examples that you will come across
later in your degree programme.

Superposition Principle

If V1 and V5 are two solutions of V2V (7) = 0, then V = V; + V4 is another solution. This is because the
equation is linear and homogeneous. We used this principle extensively when dealing with ordinary differen-
tial equations, such as that describing simple harmonic motion, but it is equally valid for partial differential
equations. This ability to add solutions is called the Superposition Principle. It is of fundamental importance
in Quantum Mechanics, but I should let the 2B22 lecturer do some of the work here! We shall exploit the
superposition principle extensively when trying to solve partial differential equations.

3.2 Separation in Cartesian Coordinates

Let us start with an illustrative physical example. Consider two infinitely large conducting plates. The one at
z = 0 is earthed while that at z = L is kept at a constant voltage V.

Vo

L

What is the potential between the two plates? You all know that the answer must be V' = Vyz/L but we
are going to derive this by solving the partial differential equation. This will demonstrate the techniques to be
used in more complex cases.
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Between the two plates, there is no charge and so the potential in this region satisfies Laplace’s equation
V2V (F)=0.
The boundary conditions to be applied are that, independent of the values of x and y, on the plates
V=0 at z=0,
V=V at =z=1L1L. (3.3)

Since the boundary conditions are expressed easily in terms of Cartesian coordinates, it makes obvious sense
to attack the problem in this coordinate system. [We could have done it in cylindrical polar coordinates, but
not as an introductory problem.] In this system, Laplace’s equation becomes

PV 9V PV

2 _
VV_8z2+8y2+8z2_

0.

Let us try for a solution of the form
V(z,y,z) = (function of z) x (function of y) x (function of z),

Viz,y,z) = X(2)Y(y) Z(z) . (3.4)

At the moment we are just trying to get a single solution of the equation. If there is no solution of this
kind then we will have to try something else — but of course there will be! Substituting the product form of
Eq. (3.4) into Laplace’s equation, we get

d2X a2y a2z
Ty X2+ XY 5 =0, (3.5)
X

YZ —_—
dy? dz?

Note that we now have complete differentials (straight d’s) because X is a function of only one variable (x), and
similarly for Y and Z. Now divide through the equation by the product V = XY Z to get

1 (d*X 1 [(d*Y 1 (d*Z
il .l — (=] =0. 3.6
X(da:2>+Y(dy2)+Z<d22> (3.6)
Now the first term in Eq. (3.6) is a function only of z, the second only of y, and the third only of z. BUT «,
y, and z are independent variables. This means that we could keep y and z fixed and vary just z. In so doing,

the second and third terms remain fixed because they only depend upon y and z respectively. Hence the first
term must also remain fixed even if x changes. That is, the first term is a constant, as are the second and third.

Thus
i d27X = /2
X \ dx? ’
1(%y> ,
- (22 = —m?,
Y \ dy?
1 [d*Z
with
n? =024+ m?. (3.8)

Note that n2, £2 and m? are as yet arbitrary constants and could be negative. Don’t be fooled either by the
choice of labels; £, m, n are not necessarily integers.

We then have to solve 2x
—7 = —?X. (3.9)

For real ¢ # 0, this is the simple harmonic oscillator equation which you could solve even before starting 1B21;
X =aycoslx + bysinlz , (3.10)
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where ay and b, are arbitrary constants which must be fixed by the boundary conditions. In the special case of
£ = 0, the solution simplifies to
X=ag+byz. (3.11)

If you want to look what would happen if £2 were to become negative, put ¢ = il; the cos fz and sinfxz become
coshlx and isinhlz. You have seen such changes before as, for example, in studying the damped oscillator in
1B27.

The solutions for Y will be similar to those for X, but with m replacing n. On the other hand, for Z we

have rather 27
<dz2> =+n*Z. (3.12)

This has solutions

Z = epcoshnz +d, sinhnz (n#£0),
= eo+ foz (n=0). (3.13)

As a consequence, solutions of the separable form do exist. For example, one solution to the equation would
be with £ =3, m =4, and n = 5.

V(z,y,z) = Constant x (sin3z) x (cos4y) x (sinh5z)

is a solution of Laplace’s equation, but of course we can construct many more with different values of (¢, m, n).
The most general solution is of the form

V(z,y,z) = Constant x { sin L } % { sinmy } o { sinh nz }

cos bz cos my coshnz

with the constraint that n? = ¢2 + m?2.
By the superposition principle, any linear combination of such solutions is also a solution. The most general
superposition is

V(z,y,z) = Z {apm coslx + by, sinlx} X {com cosmy + dgy, sinmy}
lm

x {egm coshnz + fon, sinhnz} . (3.14)

For any choice of £ and m, with n = v/¢2 4+ m?2, the above product is a solution. Hence the sum is also a solution.
Note that ¢ and m do not have to be integers and so the above need not be a discrete sum. Also note that if
¢ — 0, the cosine is replaced by 1 and the sine by z.

Imposing boundary conditions

The solution in Eq. (3.14) is quite general and we now have to relate it to the potential problem of two
parallel plates. This means that we have to impose the boundary conditions.
At z =0,
V(z=0)= Zegm {apm coslx + by, sinlz} X {cem cosmy + dgy, sinmy} =0
Im

for all values of  and y. Hence ey, = 0 for all £ and m. The most general solution therefore simplifies to
V(z,y,2z) = Zsinh nz X {apm coslx + by, sinlx} x {com cosmy + dgy, sinmy} (3.15)
m
where the coefficient fy,,, has been absorbed into redefined a,, and bg,.

At z=1L,

Viz=1L)= Zsinh nL X {agy coslx + bey, sinlz} x {cpm cosmy + dey, sinmy} = Vg,

m
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for all z and y. Clearly, the only solution which could lead to something which is independent of x and y is the
special case of £ = m =n = 0. Let us write this out explicitly as

V(z,y,z) = z{a+ bx}{c+ dy}. (3.16)
At z=1,
Vo = L{a+ bx}{c+ dy}
for all (x,y) so that b =d = 0 and ac = V/L. The final solution is, from Eq. (3.16), the expected

Comments

1. This method of solution is called Separation of Variables. You look for a solution which is a product of a
function of = times a function of y times a function of z. This then reduces the problem to that of solving
three ordinary differential equations in x, y and z.

2. Though we have found an infinite number of solutions of the Laplace equation, we have not shown that
we have found them all.

3. In more complicated examples the ordinary differential equations may be very much harder to solve than
the simple oscillator equations here.

4. Unlike the present case, in general you cannot guess the final answer at the start!

3.3 One-dimensional Wave Equation

You should have seen in the wave equation in the first year 1B24 Waves and Optics course. In one dimension,
for example a guitar string clamped at = 0 and x = L, the displacement y(z,t) obeys

%y 1 8%
gz 2o =" (3.17)

where ¢ is the time variable and ¢ the (constant) speed of wave propagation.
Looking for a solution in the form of a product

y(z,t) = X(2) T(t) (3.18)

leads to
PX 1 dPT
dx? c? dt2

After dividing out by y = X T and taking one term over to the right hand side, we are left with

1 (d*X 1 (d*T

il = (== . 3.20

X (d:ﬂ) cQT(dt2> (8:20)
The left hand side is a function only of x and the right hand side purely of ¢. Since = and ¢ are independent

variables, this means that both sides are equal to a constant, which we shall call —w?.
The problem is therefore reduced to the solution of two ordinary differential equations

X\

d’T

T 0. (3.19)

The solution of the x equation is
X(x) = Ccoswzx + Dsinwz ,
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where A and B are arbitrary constants.
Since the boundary conditions are true for all time, we can impose them directly onto X (z). At z =0,

X(z=0=0=C, = (C=0,
whereas at x = L,
X(x=L)=0=Dsin(wl) = w=nx/L,

where n =1, 2, 3, ---.
Solving the corresponding “t” equation,

d*T 5
<dt2> + (nme/L)*T =0,

gives

T = A cos(nmet/L) + B sin(nrwet/L) ,

and a total solution of
y(x,t) = Dsin(nwz/L) x {A cos(nmet/L) + B sin(nwct/L)} .

This is but one solution and, to get more, we use the superposition principle to find
y(x,t) = Zsin(mrx/L) x { A, cos(nwet/L) + B, sin(nwct/L)} . (3.22)
n=1

As before, the constant D has been absorbed into the definitions of the constants A, and B,.
To go further, we need to impose extra boundary conditions, such as the shape of the guitar string at time
t = 0. We shall look at such problems later in the course when we discuss Fourier series.

3.4 Laplace’s Equation in Spherical Polar Coordinates

To tie in better with the time evolution of the second year Quantum Mechanics course, we are going to switch
to studying problems with spherical symmetry. If one needs to know the potential due to a charged sphere,
it would be perverse to work in Cartesian coordinates. One should always choose a coordinate system which
is appropriate to the boundary conditions to be imposed and, in this case, one should write things down in
the spherical polar variables that were introduced in 1B21. In 1B21 the lecturer evaluated V? in plane polar
coordinates and it was very messy. Unfortunately, we have to now do exactly the same in spherical polar
coordinates (r, 6, ¢), where things are even worse! We will come to a simpler derivation later in the course. Now

x= rsinfcos¢,
y= rsinfsing,
z= rcosf . (3.23)

The partial derivatives of the Cartesian variables with respect to the polar coordinates are

r oy . ) 0z
E—smﬂcosq’), E—SIHHSIH(b, a = cosf,
Ox Ay . 0z .
20 =rcosfcoso, %—rcosé’smq’), %——rsmé‘.
g—x:frsinﬁsingb, g—?;:rsinﬂcosgb, g—;:o. (3.24)
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Using the chain rule for partial differentiation, we get

0 . 9] ..., 0 0

> = meCosqﬁa—x—&—bln@bmd)a—y —i—cosﬂa,

0 0 ., 0 .

% - rcos@cos¢%+rc0595mqba—y—rsm9$,

% = —rsin@sinqﬁ% —I—TSinecosqbg—y . (3.25)

These equations can be inverted to find the differentials with respect to Cartesians in terms of those with
respect to polar coordinates:

5‘7 _ 0COS¢87+COSOCOS¢5‘77 sin ¢ 5‘7
ar oM or r 00 rsind 0¢’
o . .0 cosfsing 0 cos¢ 0
oy sinfsin ¢ or + r 09  rsinf 9¢’
0 0 sinf 0
% = cosf a — r % . (326)
The Laplacian operator is the sum of the squares of these three operators,
o \? 0 \? o \? 9] cosfcos¢p 0 sing 0 2
2= (== — — ) = {(sin6 —
v (833) * <8y) N (82’) (sm cos ¢ or + T 00 rsind ad))
. 0 cosfsing 9 cos¢p 0 2 0 sing 9 \?
+<bln0§ln¢)ar+ae+rsin0 8¢> + 0059(,7— r % . (327)

At this stage one has to remember that the partial derivative with respect to 6 acts for example on the sin 8 as
well. Taking a very large piece of paper, one finally ends up with

82V+gal+ia27v+icotgal+#a2l (328)
or2 o or 12 062 0 2 00 r2sin?26 942 '

This is the required expression for the Laplacian operator in spherical polar coordinates.
The expression can be written in the slightly more compact form

bl 1O (WOVY L0 (L oV 1 (VY
VV_T’Qa’I‘ " or +T2Sin080 sin 6 96 +r2sin29 02 (3.29)

As a check on the form of the operator, consider the example of
V =222 — % — 2% =12 (25in? 0 cos? ¢ — sin”® § sin? ¢ — cos? 6) .

Working in Cartesian coordinates, it follows immediately that V2V = 0. In spherical polar coordinates,

Lo (,0VY _ -2 2 S 2p 2 2
2o (r 87’) = 6(2sin” 0 cos” ¢ — sin” 0 sin” ¢ — cos“6) .
ov 2 . 2 . ) .
20 = 7 (4sin 6 cos f cos® ¢ — 2sinf cos fsin” ¢ + 2 cosfsin b)) .
sin 9%—‘9/ = 7r%(4sin? 0 cos § cos® ¢ — 2sin?  cos O sin® ¢ + 2 cos Osin” 0) .
ﬁ% <sin9 83‘9/> = 8cos?fcos® p — 4sin? O cos? ¢ — 4cos? fsin? ¢
+2sin? @ sin® ¢ — 2sin? 0 + 4 cos? 6.
1 9%V

——— = 12sin’¢—6.
r2gin? 6 042 sin” ¢

Remarkably enough, the sum of these three terms does in fact vanish!
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3.5 Separation of Laplace’s equation in Spherical Polar Coordinates

We want to look for a solution of the equation
19 7"28—‘/ —&-71 9 sinﬁa—v +71 7821/ =0
72 Or or r2sin 6 00 09 r2sin20 \ 042 )

V(r, 0, ¢) = R(r) x ©(8) x () . (3.30)

in the form

This involves functions which depend purely upon one variable each, viz r, § and ¢. Inserting this into Laplace’s

equation
1d dR 1 d do 1 d*®
0d - — (r*— R® ——— [sinf — RO——— | — | =0
2 dr (r dr) T e s (Sm d9> RO e (d¢2)
After dividing out by R© & and multiplying up by r2sin® 6, we find
sin29i rzﬁ —l—lsinQi siHH@ —&—l dQ—q) =0
R dr dr (C) do do o \do?)

The first two terms here depend upon r and 6 but the third is a function purely of the azimuthal angle ¢. Since
r, 8 and ¢ are independent variables, this means that this third term must be some constant, which we shall

denote by —m?. Hence
0%0 B
9=
which has solutions e*""? or, alternatively, cos m¢ and sin me.

As far as the differential equation is concerned, m could have any value, even complex. However Physics
imposes a fairly general boundary condition. When ¢ increases by 27, the vector position comes back to the
same point again and we should expect the same physical solution. Thus ®(¢ + 27) = ®(¢). This can only be
accomplished if m is a real integer. Then ®(¢) is clearly a periodic function.

The remainder of the equation can be manipulated into the form

1 d [/ 5dR m? 1 1 d (.,  dO
—_ |\ — = 5, & 75 5 Sin 0 — .
R dr dr sin“d © sinf df do
The left hand side is a function only of r, while the right hand side depends only on 6. This means that both
sides must be equal to some constant that we denote by A. This results in two ordinary differential equations;

-m?®, (3.31)

d [ ,dR\
d (. ,dO . m?
o7 (51n9 d@) + <)\ sing — sin@) © = 0. (3.33)

Let us now look at the radial equation of Eq. (3.32), which may be rewritten as

d*R dR
2 (¢ 1Y alty _
r ( T2>+2r< r> AR=0. (3.34)

This is a special kind of homogeneous equation which is unchanged if the r-variable is scaled as r — ar, where
« is some constant. We should therefore try for a solution of the form R(r) ~ r?, since this also stays in the
same form under the r — ar scaling. Hence

BB—1)r’ +28r°7 —Ar? =0
Cancelling out the 7 factor, which cannot vanish, we see that 32 + § = A, which has two solutions
= (flj:\/1+4)\) /2.
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We can get exactly the same result by trying for the more general series solution. Standard manipulation
leads to -
Zan{(n+k)(n+k+ 1) = A\pa"tk =0
n=0
The indicial equation, corresponding to the n = 0 term, leads to exactly the same result as above with 3 replaced
by k. For higher values of n we have

an{(n+k)(n+k+1)—A}=a,n(2k+1)=0.

But 2k +1 =28+ 1= £+1+ 4\ doesn’t vanish. Hence a,, = 0 for n > 1 and we are back to the single-term
solution derived above.

To make things look a bit simpler, let us define the separation constant to be A = £(¢ + 1), where ¢ is not
necessarily an integer. Then

sy
I

(711 1+4£(£+1))/2
= for —(—1.

The most general form of the radial solution is then

B
R(r) = Art + T (3.35)

In order not to interchange the two solutions, let us adopt the convention that ¢ > f%.

We are then only left with the 6 equation which, with the new separation constant ¢(¢ 4+ 1), becomes

d (. dO© , m?
;i (sm& d@) + (Z(f +1) sinf — ) ©=0, (3.36)

sin 6

which does not look very attractive. It looks a little more tractable if we use the variable p = cos 8 rather than
0. Then du/df = —sin 6 and

d d d
— = — 9] —_—= = — P
20 Slnﬁdu 1—p i
Hence J 46 )
1_ 2\ 2 1 — m = . .
o [( 1 )du] + {£(€+ ) 1u2} 0=0 (3.37)

This is the famous Legendre differential equation which the 2B22 Quantum Mechanics lecturer should be reaching
soon. Legendre discovered his equation when trying to interpret planetary gravitational fields, “Recherches sur
la figure des planétes” (1784). This is about 150 years before the discovery of the Schrodinger equation and so
you shouldn’t blame quantum mechanics for the introduction of Legendre polynomials.
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