PHYC20014 Physical Systems
Wave Theory and Fourier Analysis: Tutorial 1

Tutorial problems

1. Basic Fourier series. We start with some “get to know you” exercises. Sketch the periodic
extension of these functions and calculate their Fourier series.

(a) The square wave II : (—m, 7] — R: (b) The triangle wave A : (—m, 7] — R:
+1 >0 AG) =7 —|0].
II@)=4¢0 6=0
-1 6<0.
2. Derivatives. Check that (where differentiable) A’ = —II. Differentiating term-by-term,

verify this relation also holds for the associated Fourier series.

3. Sine, cosine and half-range. An odd function has the property that f(—60) = —f(6), while
an even function satisfies f(—6) = f(0).

(a) Show that for odd (even) functions, the Fourier coefficients a,, (b,) vanish. Since the
cosine terms vanish, an odd function has a sine series, and similarly, an even function
has a cosine series.

(b) Prove that you can uniquely split an arbitrary function f into odd and even parts:

f(0) = f+(0) + f(0), [fe(=0) = £f£(0).

Thus, the Fourier series for f splits into a cosine series for f; and a sine series for f_.
(¢) Recall from lectures that the half-range expansion of a function is a Fourier series valid

over [0, L]. We can use either a cosine series (a,, terms) or sine series (b, terms). Find

both half-range expansions for f(#) = ¢’ — 1 on [0, 7], and comment on the difference.

4. Dirac comb. The Dirac delta function 6(t) models an infinitely strong point impulse, and
is defined by the “sifting” property

/ () (1) dz = £(0).

The Dirac comb Iy is a periodically repeating version with period T

()= > 60— k7).
k=—00
(a) For Iz, derive the Fourier series representation
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n=—oo
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(b) *Check that the series representation of III7(#) blows up at multiples of 7. Show that,
at other points, we get infinitely fast oscillations.’

5. Numerical series. FEvaluating a Fourier series at a well-chosen point sometimes yields
nontrivial mathematical results. Earlier, you should have found that TI(#) has the Fourier

series
oo

I1(0) = nzz;) (%jil)w sin[(2n + 1)4].

By wisely choosing a point to evaluate both sides, prove Leibniz’s formula for m:

n

(o)
™ (1) 1 1 1
- = 14— —F...
4 nz::oszrl s3T5 77

Extra problems

6. Exponential Fourier series. For a function with period 7', we usually write

f(0) = % + i [an cos (wnB) + by, sin (wnﬁ)], w=—.
n=1

Recall from lectures that we can write the same series using complex exponentials:
oo
f(0) = Z cne™.
n=-—o00
Determine the relationship between ¢, and the ay, b, for a real function.
7. Chebyshev polynomials. You may recall de Moivre’s theorem from high school:
(cosB + isin @)™ = cos(nh) + isin(nd).

Expand the LHS and take the real part of both sides. You will get some linear combination
of products of powers of cos and even powers of sin 8; converting the latter to cosines using
sin? @ = 1 — cos? 6, the end result is an expression for cos(nf) which is a polynomial in cos 6:

cos(nf) = T,,(cosf), n=0,1,2,...

The polynomials T, are called Chebyshev polynomials. Since T, (cos @) = cos(nf), Chebyshev
polynomials are related to cosine series (Problem 4). Making the change of variable = cos 6,
use results about Fourier series to show that

1 5 m=mnand m,n >1,
/ 7TM(x)Tn(m)dx =¢m m=n=0
1 V1 —22 ’
0 else.

!These infinite oscillations vanish in the sense of generalised functions. Understanding what this means rigorously
is beyond the scope of the course.



8. The Gibbs phenomenon. NOTE: This problem requires a computer. Any finite sum
of trigonometric functions is continuous. Thus, any partial sum in the Fourier series for a
discontinuous function is fundamentally different from the function that it represents. This
leads to some rather strange behaviour in the convergence of Fourier series, as we’ll now see.

(a) Recall that the Fourier series for II(9) is

T(9) = Zl (271%1)% sin[(2n — 1)4].

Define the partial Fourier series

Tn (0 D" 2n — 1)0

¥(O) =3 5 psinlizn = ol
Using a computer, plot IIy for N = 5,10, 50, 100.

(b) You should observe an “overshoot” in IIy at the discontinuities of II. This is called the
Gibbs phenomenon. Does the size of the overshoot appear to change with N7 Estimate
how large it is compared to the underlying discontinuity. (You should find that the jump
is ~ 8.95% the size of the discontinuity.)

(c) We can try to eliminate the Gibbs phenomenon as follows. Define the o-approzimated
series for a function f as

N
kg = %0 e (\F ,
fa(0) = 5 + nEZI sinc (N) {an cos (wnf) + by, sin (wnb) |,

where w = 27 /T as usual, and

sinc(x) = sin(rz) .
T

Play around with different values of N and k (using your own code or gibbs.nb) and
see what happens. What is the tradeoff for suppressing the overshoot?

9. The Basel problem. The triangle wave A(f) from 1(b) has Fourier series
A(f) = T4 i 4 cos[(2n — 1)0].
2 2n — 1)1

n=1
(a) By a judicious selection of 6§, show that
~(2n-1)2 8’

(b) Let B denote the sum of reciprocal squares,

=1
n=0



Determining B is called the Basel problem, and was first posed by in 1644. It took
almost 100 years and the genius of LEONARD EULER (1707-1783) to solve it. Show that

1 o0
1 z:: 2n—|—1

and use your result from (a) to conclude that
= = -
=n 6

10. Harmonic symmetry.* We can generalise the decomposition into odd and even parts (Prob-
lem 3) as follows. Consider a complex map f : C — C, and fix a natural number n. Let
w = 2™/ be an n-th root of unity, so that w™ = 1. Define

fi(z) = %if(wkz)w_jk.

k=0

(a) Show that fj(w™z) = w/™f;(2), and that

9=Y50)
§=0

HiINT. Recall the formula for geometric sums,

n—1 —k

. 1 —w "

7k_
g w™d =T k # 0.
Jj=0

(b) Check that setting n = 2 reproduces the results in Problem 3(b).
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Solutions

1. Basic Fourier series. We use the usual formulas:

1 (L n 1 (L /e
Ay = Z /_L COS <L> f(e) d@, bn = E /;L S (L) f(e) da’

setting L = m. We also exploit the results of Problem 4.

(a) First, let’s graph the periodic extension:

-3 -2 -t i it 3

For the square wave, the a,, vanish by symmetry (see Problem 4). The remaining sine
terms are given by

by = & / " sin (n) TI(6) do

2 ™
= / sin (n#) df
0

™

_ _% [cos(n@)} 0

B i[l (1) = {4/7177 n odd

nm 0 n even.

™

Hence, the Fourier series for the periodic extension of II is

I1(0) = Z_:l by, sin (nf) = z_;) (27111)77 sin[(2n + 1)6].

(b) We begin with a graph:

-3 -2 -7 T 2 3



For the triangle wave, the b, vanish by symmetry (see Problem 4). From geometry, the
area under the curve ag = w. This leaves

3

cos (nf) A(0) db

S
3
|
|
3

cos (nf) (m — 0) db

ﬁ\

™ s

[sin(n&)(ﬂ - 9)] + 2 [ sin (o) do

0 nm Jo

3 SO
ﬁ“"

-2 ] -

0 0 N evern.

2 T {4/71277 n odd

Hence, the Fourier series for the periodic extension of A is
a > T 4
0 Z Z
A(Q) = ? + Z Qay, COS (n@) = 5 + n:1 m COS[(2n — 1)9]

2. Derivatives. On (—m, 7|, A(f) = 7 — |0|, and hence

A(0) = +1 —71<0<0
-1 0<f<m.

Hence, A’ = —II on (—m,0)U (0, 7). This also clearly holds for the periodic extensions, except
at multiples of © where A is not differentiable. Now we differentiate the Fourier series for A:

=— Z @n -1 f T sin[(2n — 1)0],

n=1

d |7 & 4
7 [2 + Z @1 cos[(2n — 1)0]

n=1
which is indeed the Fourier series for —II.
3. Sine, cosine and half-range.

(a) For an odd function, we split the integral in two and make a change of variable § — —0
in the second part:

an = i/L cos (mg@) f£(0)do
~L
1 [E ™o I ™o
L ™o L ™o
- i/o cos (2) F(0)do — i/o cos (Z) £(6)do = 0.

Note that, in the last line, we have two sign changes which cancel — one from the fact
that f is odd, and the other from flipping the integration limits. This derivation works
for all n > 0. The proof that b, vanishes for even f is analogous.



(b) One approach is to work backwards. Suppose we can decompose f = fi + f_ into odd
and even parts. Then

f(=0) = f+(=0) + f—(=0) = f+(6) — [-(0).
We combine this with the expression for f(0) to get

£10) = 5U0) + F(-60)), f-(6) = 31£(6) ~ S(-O)].

It is an easy exercise to check that these expressions are, in fact, even and odd.
(c) We can use a neat trick from first-year calculus to calculate sine and cosine coefficients
at the same time. First, do the exponential integral

Cp == /f 0)e"? do
6 inf
= — — do
2 [
9 [elin+1)0 im0 "
T Tl 1tin in
2 [(=1)"%e™ —1 -1 -1 2 [(=1)"%e™ -1 -1
™ 1+1in n ™ 1+n n

Since e = cos(nf) + isin(nf), we immediately have C,, = ay, + iby, or
2[(—=1)"e™ — 1]

) 2(_1>n+1(e7r _ 1)
ay = ———— = = .
" n(l+n2) = " ™

These look very different! The cosine series has coefficients oc 1/n2, and the sine series
has coefficients o< 1/n. Ultimately, this is due to the fact that the even extension of f is
continuous, while the odd extension has a discontinuity.

4. Dirac comb.

(a) We can regard Il as a periodic extension of §(z) with period 7' = 2L. Thus, we can
represent it as a Fourier series on the domain (—L, L]. Using the sifting property, the
coefficients of the exponential Fourier series are

- /L 5(0)en? df =
A T
Thus,

00 1
wnT wnT
E Cpé = — E e .
T

n=—oo n=—oo

(b) We can split the exponential Fourier series as follows:

T Z ezwnw f f: zwnx.



If x = Tk for some integer k, then

ewne _ ezwnkT _ ezQﬂnk — ] = g wnz

Thus, each term in the series above equals 1 and it diverges to +o0o. For other values of
x, we can try to evaluate use a geometric series and see what happens:

IHT(J?) _ %Zeiwnw + % Ze—iwnz
n=0
[N—1

N
. 1 : anl‘ 71&1”1
= 7dm | g Z

. ’1 _ esz:z: e—zwz(l _ e—sz:E)
= — lim
T N—oo | 1-— eiw 1 — e iwe
i M — eina: 1— e—in:r
= — 1l1im - — -
T Noveo | 1— e 1 — eiwn
27

This is not well-defined! The sine term just oscillates faster and faster as N — oo.
However, there is a sense in which these infinitely oscillating functions vanish, connected
to generalised functions like the Dirac delta. It is beyond the scope of the course, but
look up the Riemann-Lebesgue lemma if you're interested.

5. Numerical series. The general idea is to pick somewhere the sine terms are easy to evaluate
but nonzero. So, let’s try § = w/2. Then II(0/2) = 1, and the Fourier series is

— 4 4
—————sin[(2n+ 1)7/2] = —
; 2n+ )7 v Z

Equating the two gives

3
=

which is equivalent to Leibniz’s formula.

6. Exponential Fourier series. Expanding the exponential series using Euler’s formula,

f(9): i Cneian

n=—oo

|:COS (nwh) + isin (nwb)

n=—oo

= Z { cn + c—p) cos (nwl) +i(c, — c—p) sin (nwd)



Equating coefficients, we see that
ag = 2co, Gp =Cp+Cop, by =1i(ch—c_p).

Equivalently, ¢4, = (an F ib,)/2. It is no accident that ¢, = ¢*,,; this is called the reality
condition, and is equivalent to the Fourier series being real.

7. Chebyshev polynomials. We follow the instructions:

L (@) T (2) dr — /O T (cos 0)T,,(cos 6)
1 V1-— 2 N T sin 6

(—sin 6 db)
= /7T cos(nf) cos(mb) do.
0

At this point, we remember that we have already done these integrals for Fourier series! In
fact, the standard orthogonality results give

- g m=mnand m,n > 1,
/Cos(nH)cos(mH)dQZ T m=n=0,
0
0

else.

8. The Gibbs phenomenon. See gibbs.nb.
9. The Basel problem.

(a) We pick § = 0, since both sides will be nonzero and easy to evaluate:

- 4
A(0) =T _*
(0) 2 " 7;) (2n+1)27

Since A(0) = 7, we can rearrange to find

— (2n+1)? 8

(b) We separate the series B into even and odd terms:

8

n=1 n=1 n=0
o0 oo o0
1 1 1 1
=> +) =-B+) :
2 2 2
ot (2n) = (2n+1) 4 = (2n+1)
Hence,
3 > 1 4 & 1 2
B = B=- = —
4 Z (2n +1)2 32 2n+1)2 6



10. Harmonic symmetry.*

(a) We simply compute:

i
L

f(wk+mz)w—jk

S

fiw™z) =

T T
= O

SRS

f(wkz)w—j(k—m)

=~
Il
o
3
|
—

3
AN

f(wkz)w_jk = wjmfj(z).
0

I
€
<
bl
I

On the second line, we relabelled the dummy index k — k+m, using the n-fold symmetry
of the sum over roots of unity. Similarly, we can swap the order of the finite sums over

j and k, and use the formula for geometric sums, to get

S h() =
=0

j=0 " k=0
1 n—1 n—1
= fwFz) Zwﬁk
k=0 j=
1 1 1—wkn
=— nf(2)+52f(wkz) Tk f(2)
k=1

" = (w")7F = 1. Hence,

(b) Setting n = 2, we note that the second roots of unity are just +1. The results in (a)

become

fi(e) = 5 = F(2), f(2) = F(2) + f- ().

This is exactly what we found (albeit for real functions) in Problem 3(b).
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Tutorial problems

1. Series and differentiation. Sometimes, we can take a function defined in terms of a series,
differentiate it with respect to a parameter, and end up with a new and useful result. In
this context, we won’t worry too much about convergence. Let’s see an example! In a later
problem, you can use the results of your calculation to find the “sum” of all natural numbers.

(a) Using the geometric series, show that for a > 0,
1

00
§ : —na
& = —.
1 _ p—Q
n=0 €

(b) Differentiating both sides with respect to «, derive the identity

«

nz::lne_”a = e (1)

2. Series solution of ODEs. Series give us a powerful method for solving ordinary differential
equations. Let’s try an ODE we can check using elementary methods:

v +wly=0, y0)=1, ¢ (0)=0.

This has solution y = cos(wz). Arrive at the same solution using a power series

o
y(x) = Z anz”.
n=0

In this question, you may assume power series are unique. You will also need the Taylor series
for cosine,

3. D’Alembert’s formula. Verify that

z+vt
u(et) = 5 [flo— o)+ fo+ o] + 50 [ o)y

N[ =

solves the initial value problem for the wave equation:

0%u 1 0%u
—=———, u(z,0)= f(z), u(z,0)=g(x).
= e u(,0) = f(@), i(z,0) = g(a)

4. Tuning a clarinet. In acoustic applications of Fourier series, periodic functions represent
sound waves, i.e. fluctuations around atmospheric pressure. Sine and cosine terms are called
pure tones; squaring the coefficient tells you how loud the tone is. It turns out we can learn
a lot about instruments just using first-year physics and Fourier series.



(a) For a half-open pipe of length A (e.g. a clarinet), what are the allowed wavelengths?
Convert them into frequencies using the speed of sound vs. You should find allowed
angular frequencies

mus(2n 4+ 1)
2A ’

These are the odd harmonics; even harmonics can’t resonate and quickly die away.

Wp = n=20,1,2,...

(b) Suppose we force the air in the clarinet to vibrate at a non-resonant pure tone, with
waveform sin(27 f6). Calculate the Fourier series over the basic interval [—L, L], where
L =2A/vs. You should find a,, = 0 and

b 2nL(—1)"sin(27w fL)
" m[(2fL)? — n?]

Which harmonic do you expect to be loudest?

5. Legendre polynomials. The Legendre polynomials P, can be defined by Rodrigues’ for-
mula:

1 d®
Pu(@) = 5o 1 gam

They form an orthogonal basis for functions on [—1, 1], with respect to the inner product

(% — 1)

1
(f,9) :/_1 f(x)g(x) dx.

(a) Use Rodrigues’ formula to calculate the first three Legendre polynomials. Apply the
Gram-Schmidt procedure to the ordered basis (1, z,2?) and show that the two methods
agree up to normalisation. You can generate all Legendre polynomials from Gram-
Schmidt, but Rodrigues’ formula is much nicer.

(b) Using the Rodrigues’ formula and integration by parts n times, show that

1 1
/ P, (z)Pp(x) dx / (=)™ (x? — 1) - D™ (2% — 1) dx
-1 —1

where D = d/dx is the derivative operator. Conclude that the P, are orthogonal.



Extra problems

6. Peak hour diffusion. At peak hour (¢ = 0), commuters cram onto the train and begin the
long trek home. Each carriage has length T and a single door halfway down the carriage. If
there are N commuters, we can model the initial commuter density distribution as

n(z,0) = Né(z — 37).

Since commuters like their own space, we can model the attraction to regions of lower density
with a diffusion equation:

3} 0? 0 0
an(:ﬂ,t) = D@n(:c,t), 8—$n(0,t) = %n(T, t) =0. (2)

The boundary conditions ensure that no commuters “leak out” of the ends of the carriage.

(a) Show that a separable solution n(x,t) = ¢(x)e™*, A > 0, must satisfy

¢ _
dz?

A
wio, w .

(b) Solve (3), and verify that the boundary conditions for n(z,t) imply
wT =k (4)

for some integer k. Label the corresponding choices of w, A by wg, Ax.
(c) Using the linearity of (2), combine the results of (a) and (b) to obtain

o0
n(z,t) = Z ay, cos (wyxz) e ML,
k=0

From the Fourier series for n(z,0) (or orthogonality directly), verify the coefficients

N 2N T
a():?, Qk:TCOS<UJ'I;), k> 0.

(d) As t — oo, what does n(x,t) look like? Is the total number of commuters conserved?

7. Epicycles. Recall that we can write the Fourier series for f in terms of exponentials,

e}

. 1 L . T
iwnf —iwnb
f(0) = Z €™, n =g /_L f(@)e o, w=—.

n=—0oo

This remains true for functions which execute periodic motion in the complex plane.

Interpret each term of the form c,e®™ geometrically. Deduce that any periodic motion

on the plane can be decomposed into a sum of circular motions. In light of this observation,
why is Ptolemy’s theory of celestial motion unfalsifiable for periodic orbits?


https://www.youtube.com/watch?v=QVuU2YCwHjw

8.

10.

The method of Frobenius. Here’s a trickier ODE we can solve with power series:
22y +dzy + (22 +2)y = 0.

We try the method of Frobenius, which uses a generalised power series of the form
o0
y(x) =a° ) anz" (5)
n=0

where s is some rational number to be determined, and ag # 0 (otherwise we change the
definition of s). Show that s = —2, s = —1 are consistent, and for s = —2, derive the solution

apsinx
5

x
You will need the Taylor series for sine,
o0
) B (_1)711.27171
S Dy ey

n=1

. Fundamental solutions of Laplace’s equation.* NOTE: This problem requires some

vector calculus; ignore it if you haven’t done the subject! For three spatial dimensions, verify

that
1

Anlx|

O(x) =
solves the inhomogeneous Laplace equation
V20(x) = —6(x).

HINT. Let B be the unit ball and S = 9B the unit sphere. Apply Gauss’ theorem:

/V-FdV:ja{F'ﬁdA.
B S

Recall that n is an outward pointing unit normal.

An infamous sum.* Expand the RHS of (1) as a Taylor series in « to find that

= 11
Z ne " = — — — + higher order terms.
o « 12

In some physical contexts (e.g. the Casimir effect), we can take a — 0 and throw away the
a~? term on physical grounds, yielding the somewhat infamous equation

f: ST S WU
n= =T

n=1
Here are some results on power series you may find useful:

1 1
ea:1+a—|—§a2+6a2—|—---

1
5 =1—2a12 + (3% — 2az)2* + - --

(14+ a1z 4+ agax®+--+)




11. Hermite polynomials.* The Hermite polynomials H,(z), n = 0,1,2,..., are a family of
polynomials on R, orthogonal and complete with respect to the inner product

[e.e]

.2

()= [ e f@)gla) da.
—0o0

In physics, they are most famous as the wavefunctions of the quantum harmonic oscillator. In

this problem, we will get familiar with the generating function for the Hermite polynomials,

0 n
G(s,x) = 2505 = Z Hn(x)s—'
vt n!

In other words, we start with a function G(s, x) of two variables, expand it as a Taylor series
in s, and define Hy,(x)/n! as the coefficient of s".

(a) Using the definition of the Taylor expansion, derive Rodrigues’ formula for Hermite
polynomials:

mn
22 d g2

Hn(l') = (—1)n€ da;‘ine
Explain briefly why this is a polynomial.
(b) By calculating the partial derivative of G with respect to = in two ways, derive the

recurrence relation

Hypq(2) =2(n+ 1) Hy(z), n=0. (6)

Similarly, from the partial derivative with respect to s, deduce the recurrence relation
Hpi1(x) —2zHy(z) + 2nHp—1(z) =0, n>1. (7)

(c) Combine the results in (b) to yield the differential equation satisfied by the Hermite

polynomials,
H)(z) — 2zH)](z) 4+ 2nH,(z) = 0.
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Solutions

1. Series and differentiation.

(a) Now is a good time to brush off the cobewbs and recall the geometric series:
> 1
g = —— provided |z| < 1.
1—x
n=0

Since « > 0, |e~%| < 1 and we can use the above result:

o0

> 1
—no __ —Q\N __
e " = E (e )" = gyt
0 n=0

n—=

(b) Let’s differentiate with respect to «, assuming we can differentiate term-by-term. For
the power series on the LHS, this gives

d o o0 d oo
= e e — e — ne e,
o 2 > 7 >
n=0 n=0 n=1
For the expression on the RHS, we get

d 1 —e ¢ e

dal—e (1—e )2  (e2—1)2

Equating the two gives (1). (If you are interested, the property of the series that allows
us to differentiate term-by-term is called uniform convergence.)

2. Series solution of ODEs. So, we guess a power series solution of the form

o
y(x) = Z anz™.
n=0

The initial condition y(0) = 1 implies agp = 1, while /(0) = 0 implies a; = 0. Differentiating,

o0 o
y'(z) = Z ann(n —1)z"" % = Z ant2(n+2)(n+ 1)z".
n=2 n=0
Thus, our original ODE becomes

o0

Y (@) +wy(e) = > [an+2(n +2)(n+1)+ wzan} a" = 0.
n=0



From the uniqueness of power series, the coefficients vanish, i.e.
ani2(n+2)(n+1) + w?a, = 0.

Since a; = 0, it follows immediately that for all odd n, a, = 0. For even n, we have

2 2 2 4
w=ap _ (_1)1(,07 w=ag (_1)2(,4)7

N = — —
1-2 21 a“ 3.4 A1

a=1 = ay=-—

Hopefully you can see the pattern. Otherwise, you can use induction to show that

2n
w
=(-1)" .
a = ()" g
Hence, our power series solution is
o oo 2n
y(x) = Zan:r" = Z(—l)" (wa) = cos(wz).

n=0 n=0 (2n)

Of course, this is much more work than the elementary solution. Unlike elementary methods,
however, the series solution approach is very general and powerful.

3. D’Alembert’s formula. Since all terms in u(z,t) are a function of x + vt, it clearly solves
the wave equation. At ¢t =0,

uw,0) = 5 [f@) + £@)] + 5. [ o)y = @

N =

so the first initial condition is satisfied. For the second, note that

g
—~
8
=

I
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=
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Thus, u(x,t) solves the initial value problem.
4. Tuning a clarinet.

(a) Since a half-open pipe has a node at one end and an anti-node at the other, the allowed

wavelengths are
4A

T o+ 1

n=20,1,2,...

n
Since vs = Apwy, /2, the allowed angular frequencies are

27mv mvs(2n + 1
Wp = AnS: S(A ), n:07172,...




(b) The non-resonant pure tone sin(27 ) is an odd function, so the a, terms vanish. Using
a sine series and some trig identities, we get

2 L nwh\ .
by, = L/o sin <L> sin(27 f) df

_ i/OL{cos (55 —2nr) 0] — cos [(5F +2nf) 0] }dé?

sin[(2F — 2w f) 6] B sin[(Z2F + 2w f) 6] t
nr/L — 27 f nm/L 4+ 2n f
2n7 sin(2m f L) cos(n)
(27 f)? — (nm/L)?
2nL(—1)"sin(2w fL)
w[(2fL)? — n?]

Generally, b, will peak at the odd n where the denominator is smallest, that is, the odd
n closest to 2f L.

5. Legendre polynomials.

(a) Let’s start with Rodrigues’ formula:

1d
_1d® 5, 5 1d g 1,

Now we apply Gram-Schmidt to (1,z,22) = (f1, f2, f3) to yield the orthonormal set
(91,92, 93).- Remember that the general idea is to step through the original basis vectors,
projecting out the part orthogonal to the orthonormal basis you've constructed so far,
then normalise what’s left. We label these vectors: f — f' — g.

Since we start with an empty orthogonal basis, the first step is just to normalise fi:

1
f1|2:/1dx:2 . g1(x):\}§o<P0(x).

Now we project out the g; dependence in f2 to get fi:

1
1
(o) = [ Jsade=0 = fi= o frgi)os = fo
Now we normalise f} = fo:

1
|f2’2:/ $2d$=§ - 92(x):\/§mo<P1(x).

-1



Finally, we project out the g; and go dependence in fs:

1
1, V2
2y = L2

<f37gl> 1 \/§$ x 3

L /3

(f3,92) “atdr =0

-1

— ) = (o) — (3 9001(2)  (f )0a(e) = — 5 ox Py(a).

We note that g3 o< f3, and hence g3 o< P3. Thus, Rodrigues’ formula agrees with Gram-
Schmidt up to normalisation.

(b) We don’t need to worry too much about normalisation here, since everything will vanish.
Consider the inner product of two Legendre polynomials P, and P,,, and assume without
loss of generality that n > m:

1 1
(P, Pp,) = /1 Py ()P (z) d o /_1 D™(z% —1)" - D™ (z? — 1)™.

Applying integration by parts once gives
1 1
[Dn—l(x2 _ l)n i Dm+1(x2 _ 1)m] _ / Dn—l(xQ _ l)n i Dm+l<m2 _ l)m.
—1 —1

In the first term, applying the derivative operator D"~! to the polynomial (22 — 1)
leaves an overall factors of (z? — 1) out the front (using the chain rule). Hence, the
surface terms vanish, and we conclude

1 1
/ Dn<1‘2 _ 1)n . Dm($2 o 1)m _ _/ Dn—l(w2 _ 1)n i Dm+1(.%'2 _ 1)m.
-1 -1
Applying the same trick n times, we obtain
1
(PoPu) = [ (1) =17 D™ 1"
-1

Finally, if we assume the polynomials are distinct, with n # m, then our initial assump-
tion becomes n > m. It follows that n+m > 2m, and the derivative kills the polynomial,
which is of order 2m:

DV (g? —1)™ =0,

Hence, Legendre polynomials are orthogonal:
(Py,Pp) =0, n#m.
6. Peak hour diffusion.
(a) For a separable solution n(z,t) = ¢(z)e~ ™, the diffusion equation (2) implies

2
—)\Qb(x)e_)‘t _ ng//(x)e—/\t — % _ _%¢



(b) For w > 0, the solutions to (3) are just trigonometric functions:
¢(z) = acos(wzx) + bsin(wz).
However, the boundary conditions n’(0,t) = n/(T,t) = 0 imply ¢'(0) = ¢'(T) = 0, or

#'(0) = w[—asin(w - 0) + bcos(w - 0)] = —wB =0
¢'(T) = —wasin(wT) =0,

where we have simplified the second equation using the first. The second implies w1 = k7
for some integer k # 0. For w = 0, the equation ¢” = 0 has general solution ¢(z) = ax+b;
the boundary conditions imply a = 0, so we end up with the constant solution.

(c) We have a different solution for each nonnegative integer value of k. Since the diffusion
equation is linear, we can combine them to get a general solution

oo o0
n(x,t) = Z dp(z)e Mt = % + Z ay, cos (wpaz) e ML,
k=0 k=1

Recall our initial condition

ao

5 + Zakcos (wyz) = No(z — 3T).

k=1

n(z,0) =
Using orthogonality directly (and sneakily including the constant term in k& = 0),

9 [l
ay = / n(x,0) cos (wix) dx
T )

2 [ 2N T
= / N§(z — 1T) cos (wpz) do = —— cos (wk> .
T/, T

(d) Separable terms ¢y (z)e ! with A\;z > 0 decay exponentially; as ¢t — oo, they vanish.
Since Ay = 0, only the £ = 0 term survives. Hence,
apg N
n(r,t) ~ — = —.
(@,t) ~ 5 = 7
This is a constant! Integrating over the length of the carriage, we see that the total
number of commuters is indeed conserved:

T T
N
/ n(w,oo)d:n:/ —dx = N.
0 o T

7. Epicycles. Geometrically, each term c¢,e™ describes motion in a circle centred at the
origin. Writing ¢, = re?, the circular motion has

e angular speed w|n|,

e direction given by the sign of n (+ccw and —cw),
e radius r,

e phase offset §.



Since Ptolemy’s theory of epicycles breaks periodic orbits into a sum of a such circular motions,
it has no physical content: it is just the exponential Fourier series!

. The method of Frobenius. The approach is very similar to Problem 2. The generalised
power series, and its derivatives, are

)
y(x>::§£:anxn+s
n=0
)
y'(z) = Zan(n + 5)gn ]
n=0

y//(x) = Zan(n +s)(n+s— 1)m"+$_2,

n=0

The LHS of our ODE becomes

o] 0 0
2y oy + (@ 2y =D an(n+$)(nts = a4+ Y dag(n+ )a" Y@ + 2aga

n=0 n=0 n=0

= Z [{(n+ s)n+s—1)+4(n+s)+2}ay +an2} " ts
n=0

where on the last line, we extended the lower bound on the sum from n = 0 to n = —2 by
setting a_o = a_1; = 0. Setting the coefficients to zero, we obtain the recurrence relation

0={(n+s)(n+s—1)+4(n+s)+2} an + apn—2
={(n+5)(B+n+s)+2}ay + an—a.
Consider the n = 0 term:
(s2 +3s5+2)ag = (s+1)(s +2)ag = 0.

Since ag # 0, this implies s = —1 or s = —2. Selecting s = —1, the recurrence becomes

Ap—2

Ay = —m

As in Problem 2, by computing some examples, or using induction, you can show that ag,11 =
0, and

(=1)"ao
Qop = 7.
T 2n+ 1)
The corresponding generalised power series is
o [e.9] .
(—=D)"ag o, 1 aosinz
y(x) = Zanx”+s = Z @n 4 D) 1)!:c2” = PO
n=0 n=0

This was only slightly more work than solving the trivial ODE in Problem 2! In general, series
solutions “scale” well. More often than not, the issue is not finding the recurrence relation,
but figuring out if your power series can be written in a nicer way.



9. Fundamental solutions of Laplace’s equation. To verify that V2®(x) = —J(x), we first
check that
V20(x) =0, x#0.

Since |x|7! = (22 + y? + 22)~Y/2, you can easily compute

1 b d 1 3x
P(L)e X v (L)
<\X!) |x/[? |x|3 x|

Hence, using vector identity 6 of Appendix A of the notes, for x # 0:

V20(x) = ——v v( ! )

|

1 b ¢
- _—_v.|=

7 (55

1 [ 1 1
= (V-x)+x-V < >]

x[? |x[?
1 3 Ix-x| 1 3 3| 0
A [xPxP ] ar [xP xP]
Figuring out the behaviour at x = 0 is a bit trickier, but the main thing is to reproduce the

sifting property
/ V2P(x) = —
v

where V' is any volume containing the origin. Let B be the unit ball. By Gauss’ theorem,

/vvq> 7{V<I> ndA—lfx'XdA ! dA—l
A7 Jg |x|? ar

where we have used the fact that n = x, [x| = 1 on the unit sphere.

10. An infamous sum.* Using (1) and the supplied power series identities,

o

€
—no __
2
1
— o0,
T (e
(1+ tlaty > !
= (6 —Q
2 a?(1+ fa+ ga?+---)2

:ﬁ—ﬁ_{—”"

Note that, at each point, we can tell how many terms to keep in the power series expansions
by thinking about how many terms we require in our final result.



11. Hermite polynomials.*

(a) Recall that in a Taylor series, the coefficients are related to derivatives of f:

st d f (s
f<8):20n! dsE‘)

By definition, the H,(z) are Taylor coefficients of G(s,z), so

s=0

d"G(s, )
H == .
n(ﬂf) dSn o0
Noting that
G(S x) 25z —s2 _e—m2€ (s w)Q’
it follows that
d"G(s, )
H,
@) =]
_ e L
ds" 5=0
— 22 dr —tQ
dt” =
d'rL
= (—1)n€_$2dm‘7n€_$2.

Each derivative just brings down polynomials by the chain rule, but leaves an overall
factor e=*" to be cancelled by the v’ prefactor.
(b) Let’s calculate the partial derivative with respect to z, first for the closed form of G(s, ):

0 e2s7=5’ = 25G(s,x) Z2H s
9z°
Now let’s differentiate the power series directly:
9 0 s" 0 ) 0 g+l
5 O Hn(2)— Zan( Z n1 (@) e Ty

n=0 ) n=1 =
using Ho(z)" = (1)’ = 0 in the first equality. Equating the s™ coefficients yields
rai(z) =2(n+1)Hy(z), n>0.

Similarly, for the partial derivative for s, we have

a 2sx—s2 o
55¢ =2(z — s)G(s,x)



and
o0

a o0
382) Z ZHnH Sﬁ

Equating the two and shuffling terms around, we obtain
Hpii(x) —2xHyp(z) +2nHp—1(z) =0, n>1.
(¢) We use (6) to simplify (7), writing everything in terms of H,,11:
0= Hyyi1(x) = 2xHp(x) + 2nH,—1(x)

_ n+1<x)—2(1fil)ﬂg+1<x>+2(7f+l)ﬂx (@),

Multiplying through by 2(n + 1) and shifting n + 1 — n, we obtain

H)(z) — 2zH)](z) 4+ 2nH,(z) = 0.
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Tutorial problems

1. Basic Fourier transforms. Fourier transform the following functions. NOTE. Our conven-
tion for Fourier transforms and inverses is

Flfl(u) = /_OO f(z)e 2T go FUF|(z) = /OO Fu)e2™ gy,

—00

(a) The rectangle function rect, defined by

2] <

N[ NI

rect(x) = |x| =

O = =

otherwise.

(b) The triangle function A, defined by

Ale) = {1—]m| lz| < 1

0 otherwise.

2. Fourier transform properties. From basic Fourier transforms, we move on to results about
Fourier transforms. As usual, F' denotes the Fourier transform F[f(x)]. Prove the following:

(a) Similarity. For any constant a # 0,

(b) Shifts. For any constant a,

A

FIf (@ — a)] = F(u)e2mius,
(¢) Derivatives. Assuming f vanishes as x — +o0,
F[f (z)] = 2miuF (u).
3. Gaussians. A Gaussian is a function of the form exp(—azx?); they are of supreme importance
to physics, both in theory and practice. We explore a few of their basic properties.

(a) Let

o0

I(a) = / e~ .

—00

By changing from Cartesian to polar coordinates, prove that

00 00 oo 2T
I(a)? = / / e~ @) q dy = / / e’ (rdedr).
—o0 J —0o0 0 0

Deduce the famous Gaussian integral:

I(a) = g (1)



(b) Complete the square in the exponent to show that

o) 2 2
/_OO e BT gy — \/iexp <fa> . (2)

Use this result! to compute
o
/ e—oc:c2 eiﬁx2e—27rium dr.
—0o0
This integral crops up when calculating diffraction patterns in optics.

(¢) Verify that the Fourier transform of a Gaussian is another Gaussian, of the form

Fle o7"](u) = \/Z exp (- ”1“2) : 3)

4. Convolutions. Recall that the convolution of f and g is defined by

(f * 9)(z) = / T GO f(x—€)de = / T (gl — € d.

(a) Prove the convolution theorem:

A

FIf + g = FIfIFlg].
HINT. Use the sneaky factorisation e 27ue = ¢=27iu g—2miu(z—¢)

(b) Sketch the convolution rect * rect without doing any calculation. What is it?

5. Heaviside step and Dirac delta. The Heaviside step function © : R — R models a signal
instantaneously switching on at x = 0:

+1 x>0
O(x) = % T =
0 z < 0.

(a) Show that, in the sense of generalised functions, ©'(z) = §(z). HINT. Integrate ©’(x)
against a test function and use integration by parts. Alternatively, integrate directly.

(b) Using F[6(z)] = 1 and F[f'(x)] = 2miuF (u), derive the Fourier transform

You may assume (2) holds for complez numbers 3 and «, with Re(a) > 0.



Extra problems

6. More fun with Fourier transforms. Assorted exercises on Fourier transforms.

(a) Show that F2[f(x)] = f(—z). In other words,

f@) 5 Fu) L f(-a).

So, calculating F' gives us two transforms for the price of one!
(b) Using properties of the Fourier transform only (no integrals!), prove the following:
i. F[sinc] = rect.
ii. Fle*™ f(z)] = F(u — a).
iii. F[fg] = F *G.
7. Feynman’s trick for Gaussians. There is a neat trick for evaluating integrals that Feynman
used to great effect; it is also called differentiating under the integral sign or Leibniz’s rule.

The rule is
d (° b9
da/a f(x,a)d:c—/a % (z,a) dzx,

provided f is a smooth function and the limits a,b do not depend on a.

(a) By differentiating both sides of (1) with respect to a, deduce that

oo
9 —om? 1 /=
dr = =4/ —.
/ ve YTV s

—00

(b) *Differentiate n times to obtain

/oo xQne_alﬂ de — \/?(277, — 1)(2n — 3) ...3.1
—o0 o (2a)" ‘

8. The Uncertainty Principle. You will have to wait until third year to see the full quantum-
mechanical proof of Heiseinberg’s uncertainty principle. However, there is a closely related
result about Fourier transforms. As you learned in high school, a Gaussian of the form

1 2792
ex/2a

V2mo?

has standard deviation o. This measures the spread of the distribution. Let o, denote the
spread of a spatial Gaussian wavepacket and o, the spread of its Fourier transform. Show
that

OxO0qy =

9. Fourier puzzles.*

(a) Find all functions f with the property that f * f = f. HINT. Convolution theorem.

(b) Using properties of the Fourier transform (or an explicit construction), find a fized point
of the Fourier transform, that is, a function f such that F[f] = f.



10. The Klein-Gordon equation. The 1D wave equation describes how disturbances propagate

11.

on a massless string. To describe a massive string, we need the Klein-Gordon operator:

0? 0?
LKG = == — —= + 472)\2,
K6 =52 gz 7"
where A is proportional to the density of the string. The Klein-Gordon equation is Lxg f = 0.
Recall that the Green’s function ¢ for Lxg must satisfy

Lxa¢ = —0(x)o(t). (4)

By Fourier transforming (4) with respect to both time and space, show that the Greens’
function ¢(k,w) = Flo(z,t)] for the Klein-Gordon equation satisfies

. 1 1
)=
ok ) = e 2

This tells us how a point disturbance spreads on a heavy string. Incidentally, it also describes
the behaviour of elementary particles like the Higgs boson!

The Schrédinger equation.® The Schridinger equation for a free particle

is formally just a diffusion equation with imaginary coefficient D = ih/2m. We showed in
class that the fundamental solution of the Schrédinger equation was

By(z) = B(z, ) = N(t) exp <2mx2> ,

2ht

where N(t) is a time-dependent normalisation factor.
(a) At t =0, suppose we have a Gaussian wavepacket:

Wo(z) = ¥(x,0) = Ce ™.

Use the fundamental solution and the method of Greens’ functions to show that
vlat) = [ (e 00 - ¢ty de (5)

(b) We can rewrite (5) in the simple form (¢ * ®;). Define v(t) = —m/2ht, and assume
that the identity in Problem 3(c) holds for imaginary «. Using the convolution theorem
and Problem 3(c), prove

W(@. ) = CN(1) #W) exp <— [%] x2> . (6)

(c) The probability distribution for the particle is given by |¢|2. Ignoring the normalisation
factors (which do not affect the shape) and focussing on the Gaussian part, show that

2 242
9 oz 9 _Hﬁt i
ol cemp (~g e ) 0 ="+ o

Since o2(t) directly measures the spread of the wavepacket, what is happening to the
wavepacket as t increases?
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Solutions

1. Basic Fourier transforms.

(a) No tricks here, we just plug and chug:

m .
rect / rect(z —2miuT 1o

1/2
:/ —27rzua: dx
1/2

[—27rzu:0]1/2 dx

2mu —1/2
1 . .
— 5 (emu _ e—mu) dx
= sin(ru) = sinc(u).
U

The function sin(7u)/mu is so ubiquitous that we give it a new name, the sinc function.
(b) For this Fourier integral, we can use the fact that A is even, and the exponential splits
into an even part cos(2muzx) and an odd part sin(27ruz):

o0

FIAl(u) = / Alw)e=2mu gy

—0o0

1
— / (1 o ‘xDefQﬂ'ium dx

-1

1
= 2/0 (1 — ) cos(2muz) dz

1 — cos(27mu)
2(mu)?
sin? (7u)

= NEER = sinc?(u).

On the fourth line, we used integration by parts, and on the fifth, the double angle
formula. An alternative approach is to use the convolution theorem (Problem 4(b)).
First, calculate (visually as per Problem 4(a) or otherwise)

(rect x rect)(z) = /OO rect(§)rect(z — &) d§ = A(z).

Then, by the convolution thorem

~

F[A](u) = Flrect « rect](u) = Flrect](u)? = sinc?(u).



2. Fourier transform properties.

(a) Assume a > 0. Then, in the Fourier integral, make the change of variable s = ax:
A o0 .
Flf @) = [ flaz)e 2 do
—0o0
L[> —2mi(u/a)s 1
= - f(s)e ds = —F(u/a).
a)_o a

For a < 0, the integration limits flip and we get the same result as above, but with a
minus sign. Combining the two, we get the similiarity theorem:

(b) Again, we shift variables s =z — a
Flf(z—a)(u / f(z —a)e™ 2™ gy
_ / F(s)e2miulsta) g
_ o—2mia /OO F(s)e~2riulsta gg — =2 (y).

(c) Here, we need to assume that the function f(x) vanishes as x — 4+00. Then, integrating

by parts,
= /00 f!(z)e 2™ gy
_ [f(x)e—Qmux]iooo _ /OO f(gj)aﬁe—%z‘ux da
oo x
= 2miu /OO f(z)e 2™ dy = 2miuF (u).

3. Gaussians.

(a) As per usual, we are not too concerned with convergence. Then

I(a)? —/ e dx/ —oy”
/ / —a(@®+y?) gy dy
2
/ / emor’ (rdeodr)

= 271/ e—or’ rdr) = —E[e*mﬂ]w .
0

Hence,



(b) First, note that

2
—am2+ﬂx:—a<x—2ﬂa) —i—f:

Now we just shift variables s = z — /2« and use part (a):

o'¢) 2 0
- e (2
Va *P 4o

To evaluate the last integral, we change o — a — i3 and § — —2miu, and use (2):

00 2,2
—az? iBxr2 —927i s T™Uu
/ e ezﬂz e 2miur g — exp <_ : > ]
o a—if a—if

(c) We take the Fourier transform, and set § = —2miu in the result in (b):

00 2 2,2
Pl = [ ea’*ezm‘“‘”dw:ﬁem (fo) \/Zexp (‘Wf )

4. Convolutions.

—2miux

(a) We sneakily factorise e as suggested, and make the change of variables s = x — &:

FIf * gl )—/oo(f*g)( o2

/ / )dge—%rww dx
_/ 27r7,u§/ f —2m'u(ac—§) d¢, dx

- / g(€)e 2T e / f(s)e2mu ds = Fg)(w) FLF)(w).

(b) To evaluate the convolution (f * g)(z) visually, we first take a copy of the function f.
We then take a copy of g, flip it with respect to the x axis, and shift it to the right by zx.
Finally, we multiply these two functions (regular f and shifted, flipped g) and compute
the integral over R. We illustrate this using f = g = rect below:

x=—1.2
I = —06 rect * rect
-
I x = 0.6 1 1




The convolution is clearly piecewise linear, and consideration of the diagram shows that

0 z<—1
142 —-1<z<0
l—2 0O<z<1
0 r>1

rect * rect(x) =

But this is just a long-winded description of A(x), which we encountered in Problem 1.
5. Heaviside step and Dirac delta.

(a) For a test function f(z) which is differentiable and vanishes at  — 400, integration by
parts and the fundamental theorem of calculus yield

/_ O (z)f(z)dr = — /_ O(z)f'(z) dx
= [ r@)de = i@ = 1)
This is precisely the sifting property of d(z), so ©'(z) = d(x).

(b) Using F[6] = 1 and the derivative theorem, part (a) implies

FlO) = 5o P16 = 52

2miu

1
2miu

Flo] =

2miu

Incidentally, combining this with the shift theorem, we get another way to Fourier trans-

form of rect, since
rect(z) = 1 Ox— 1 + 0 1
ect(z) = 5 T =5 52|

I leave the details to the interested reader.
6. More fun with Fourier transforms.

(a) A simple way to prove this is to use the Fourier transform representation of the delta

function: ~
i(z) = / XUy,

—00

So, it follows that

P = [ [ dydu pge e

— [t ([ duerzmiien)

-/ "y F)3(—(z + ) = / "y f@)s(a+y) = f(—a).

—0 —0o0
On the last line, we used the fact that ¢ is even.

(b) i. Since rect is even, this follows immediately from Problem 1(a) and 6(a).



ii. Take the Fourier transform of the RHS, and use Problem 2(b) (the shift theorem)

and 6(a):

FIF(u— a)](x) = FIF)(x)e 7 = f(-a)em
But this is just the Fourier transform of the LHS. Hence, the two sides must be
equal.

iii. Here, we Fourier transform both sides and check they are equal, using Problem 4(b)
(the convolution theorem) and 6(a) again. For convenience, let f_(x) = f(—xz). We
then have K R X R

F2[fg) = f-g- = FIF|FIG] = F[F x G,
as required.

7. The Uncertainty Principle. We use the results of Problem 3(b) with

1 2 1
o = — 5 —_—=—
2027 «a 202
Combining the two,
1

It turns out (though we will not prove it here) that the Gaussian transform pair minimises
the product 0,0y, so in general

OgO0y > o
This is clearly analogous to the uncertainty principle. In signal processing, this is called the
time-bandwidth relation.

8. Feynman’s trick for Gaussians. We prove part (b) only; (a) is a special case. Differentiate
both sides of (1) with respect to a, n times. Using Feynman’s trick, the LHS is

dn o0 o0 87‘[, oo
— e " dp = ne_o‘x2 dx = (—1)"/ a2e " dy.
da™ J_ oo O oo

The RHS is

mo n I —1(2n—3)---3-1

df E :\/Eddna—l/Q — (_1)na—n—1/2ﬁ( n )( n 3) 3 .
« «

da™ mn

Equating the two and dividing by (—1)" gives the desired result,

/oo e \/?(zn -1)(2n—-3)---3-1
— Va (2a)™ :

(a) From the convolution theorem, if f % f = f, then F2 = F, where F = F[f]. It follows
that, at each point w, F'(u) must be 1 or 0. For instance, since .7:"[5] =1, it follows that
0 x 0 = §; this is also easy to see directly. Less trivially, since F [sinc| = rect, and rect is
always 1 or 0, we have the nonobvious result sinc * sinc = sinc.

9. Fourier puzzles.*



(b) There are lots of ways to do this. One is to use the result of Problem 3(c) to check that
the Gaussian

fl@)=e
is its own Fourier transform. A more general construction is as follows: take any even
function f and its Fourier transform F', and add them together. Then

7
f(@) + F(z) = F(u) + f(—u) = F(u) + f(u)
using part (a) and the fact that f is even. So, there is no shortage of fixed points!

10. The Klein-Gordon equation. We will become intimately familiar with the 2D Fourier

11.

transform in the context of optics. Mathematically, it is just two separate Fourier transforms:
o (0.0
Sk, w) = Flo(w, 1)](k,w) = / / b (x, £)e 2T 20T o gy
—0oQ —00

The variables independently satisfy the relations in Problem 2, in particular the derivative
theorem:

Fllred(k,w) = ﬁ{ <§:2 8822 + 47 2)\2> <z>] (k,w)

= 472 <k2 — w4 A2>q3(k, w).

A

Suppose that ¢ is a fundamental solution as per (4). Since ﬁ[é(m)é(t)] = ﬁ[é(x)]]-'[&(t)] =1,

we have
—1 = 4r? <k2 —w?+ Az)é(k,w)

1 1

= k) = e e

The Schrédinger equation.*®

(a) For a linear PDE, we can write the general solution as an integral over (shifted) funda-
mental solutions; this is the continuous analogue of what we do in ODEs. We then pick
the coefficients of the integral to match our initial conditions. In this case, our initial
condition is ¢(x,0). At each z, we place a delta function d(x — &), and evolve them
independently using the fundamental solution:

v) = /_ T o8 — O de = plart) = /_ T Uo(©)B (e — £, 1) de.

(b) Let F indicate the Fourier transform with respect to 2 only. Define y(t) = —m/2ht. By
the convolution theorem, Problem 3(c), and part (a),
m2u?
iry

Flip(a, )] (w) = Fliho * 4] (u) = Flabo](
A A 0

vt N;exp(




Again using Problem 3(c), we can invert this by inspection:

D, t) = C’N(t)\/E exp <— [/@Tw] x2> |

(c) For z = ™%, 2|2 = €%*. Thus, we need to find the real part of the exponential
coefficient in (6):

e { Liny } e [imv(m—iv)] a0

K+ iy K292 ] k2
Finally, we can determine the spread:

o2(t) = K292 R+ (mP/AR%3) kRt s
4ry2(t) 4k (m?2/4h%t2) m?2 4k

We see that, over time, the wavepacket spreads out.
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Tutorial problems

1. Cross-correlations. The cross-correlation of two functions f and g is defined by

(f©g)( /f g(€ + ) dé = / F1(€ — 2)g(€) de.

It is a simple way to measure the similarity of two signals f and g, peaking at the offsets x
for which the functions are most similar.

(a) Express the cross-correlation as a convolution.
(b) Define f_(z) = f(—=z). Show that

F[f*] = F*.
(¢) From (a) and (b), prove that the cross-correlation satisfies
Flf®gl=F-G.

2. The DFT and Fourier series. Consider a sequence of N complex numbers, x = (2o, Z1,...,TN-1)-
Typically, these numbers are obtained by sampling a continuous function, x,, = f(t,). The
discrete Fourier transform (DFT) is another sequence X = (Xo, X1,..., Xn_1), defined by

N-1 o
XkEE Tpe Wk .

N
(a) Verify that the inverse transform is
| Nl
TE = — Z X ezwkn
n=0

T =f(0n), O,=-—.
Argue that in the limit N — oo, the DFT is related to the exponential Fourier series for
f as follows:
T
X, — Tep = / F(0)e™ 7/ TIKO g
0
3. Autocorrelations. The autocorrelation of a function f is the cross-correlation with itself,

f ® f. Autocorrelations let us look for repeating patterns in a signal over time. Hence, they
can help us filter out noise, which is not correlated with itself over time.



(a) Specialise Problem 1(b) to show that
Flfo fl=|FP.
This is the Wiener-Khinchin theorem. It states that the spectral density |F|? is the
Fourier transform of the autocorrelation function f ® f.
(b) Let f(z) = sin(2wva). Show that F(u) = (i/2)[d(u + v) — §(u — v)].
(c) Using the results of Problem 4(a), show that

(fof)z)= %COS(QWV.%’).

HINT. You may assume that 6(z)? = §(x) and §(x)d(2’) = 0 for = # 2’

(d) Interpret this result in terms of repeating patterns in the signal f(x) = sin(27vz).

4. Lifetime broadening. An atom is excited by collision with a photon of energy F at t = 0.
The lifetime of the excited state is 7, so the probability p(¢) of being excited state at time ¢ is

(1) = e~t/T t>0
PP =0 t < 0.

Let P = F[p]. The uncertainty in the time of emission (due to the finite lifetime of the excited
state) leads to uncertainty in the energy of emitted photons, a phenomenon called lifetime
broadening. The spectral line shape I(u) = |P(u)|? measures the range of emitted frequencies.

(a) Show that
1 1 1

Sl T

I(u)

Here, v is the decay rate and I(u) is called the Lorentz profile.
(b) Show that the maximum value of I(u) is 72, and the width of the graph (in ) at half
the maximum value is 2. Thus, 27 is sometimes called the full width at half-maximum.

5. Bravais lattices and reciprocals. A Bravais lattice R is a periodic array of points. In 2D,
the simplest example is the set of integer linear combinations of basis vectors a; = (z1,y1)
and as = (x2,y2):

R = {nia; + noay : n1,ne € Z}.

The reciprocal lattice R+ is the set of vectors k such that, for any r € R,
627rik~r -1 (1)
(a) Let’s consider the 2D Bravais lattice R given above. Define the vectors

(_ylv xl)
T1Y2 — 9622/1'

(—Z/Q, )

b1 = s
T2Y1 — X1Y2

bs

Check that a; - bj = 52]
(b) Conclude that R+ is a Bravais lattice generated by by and bs.



(c) *Consider a function f defined on the lattice R. We can extend the definition to all of
space using Dirac deltas:

fx)=> ad(x—r).

reR

Show that the Fourier transform F = F[f] is periodic on R*. For this reason, the
reciprocal lattice R* is often called the Fourier transform of R. HINT. Shift theorem.

Extra problems

6. Simple signal processing. In digital signal processing, we Fourier transform a signal f,
apply a filter K, then invert:

FE P K kFPIS fe = FUKE).

Sketch filters which perform the following tasks for sound waves. For simplicity, consider only
positive frequencies:

(a) Pump up the bass (w < wp) and decrease the treble (w > wr).
(b) Filter out the high-pitched whine of buzzsaw nearby (frequency wg, spread Aw).

(¢) Autotune a voice to a base note wy and harmonics thereof.

7. Harmonic functions. As discussed in lectures, there is a deep connection between harmonic
and analytic functions: if f(z) = u(z)+iv(z) is analytic, then u(z, y) and v(z, y) are harmonic,
with orthogonal contours (level sets).

(a) Recall that, in polar coordinates, we can write a complex number as z = re?. Assum-
ing that the complex logarithm is analytic, use the connection between analytic and
harmonic functions to deduce that

u(z,y) =logr(z,y), v(z,y)=0(z,y)
form a conjugate harmonic pair.! Draw the level sets and confirm they are perpendicular.

(b) Consider a coaxial cable with outer radius R; and inner radius Rp; these are held at
constant potentials Vi and V5 respectively. Inside the cable there are no charges, so the
potential is harmonic:

V2V =0.
Confining your attention to a 2D cross-section of the cable, solve the boundary value
problem. HINT. Use one of the functions in (a).

(¢) Without doing it, explain how would you solve Laplace’s equation for V' on an infinite
wedge 61 < 6 < 0 with specified values V7, V5 on the boundary rays.

8. Whittaker-Shannon sampling theorem.* A function f is bandlimited of width L if its
Fourier transform F' is only nonzero on a finite interval of length < L. It turns out that we
can reconstruct f in its entirety from a discrete (though infinite) set of samples. This is called
the Whittaker-Shannon sampling theorem, and this problem steps you through the proof.

!There are some subtleties to do with §(x,y) and analyticity we are sweeping under the rug; they do not affect
the main results of the problem.



(a) Recall the Dirac comb Iy from Tutorial 1. Show that
. 1
Fr] = 7y 7.

(b) We can sample values of f, at intervals T', simply by multiplying by the Dirac comb:
fr(z) = Or(z)f(2).

Using the convolution theorem, prove that

Fir=g 3 F(u-k).

k=—o0

(¢) So far, we have assumed nothing about f. If f is bandlimited, argue that sampling at

intervals T < L~! separates the individual copies of F' in the Fourier transform F[fr].
From F', we can reconstruct the entire function f using the inverse Fourier transform!

9. Diagonalisation and eigenbases.* We can view the Fourier transform in the same way
we view an expansion in orthogonal polynomials: expansion in a well-chosen basis for a (very
large) vector space V. In this case, the basis elements are exponentials are rather than

polynomials, ‘
f,\(u) — 827rz)\u.

Usually, we choose a basis consisting of eigenvectors of some linear operator £ : V' — V. This

is the eigenbasis corresponding to L.

(a) Explain why £ is said to be diagonal in its eigenbasis.
(b) Find a simple operator £ for which the exponentials { f) : A € R} form an eigenbasis.

10. 3D Bravais lattices.* Consider a Bravais lattice in 3D given by
R = {n1a1 + nzaz +nsaz : ni,N9, N3 € Z}.

(a) Show that the reciprocal lattice R has basis vectors

ag X ajs
b= ———"2 _ py=—o L
! al-(agxag)’ 2 al-(agxag)’

az X ap b a; X ag
3= .
ai '(ag ><a3)

(b) A simple cubic Bravais lattice of side a has lattice vectors a; = ax; describing the sides
of a cube. Show that the reciprocal lattice is a simple cubic lattice with side length 1/a.

(¢) A body-centred cubic (bce) lattice of side a has basis vectors

a, . N N N
aizi(x+y+z—2xi).

A face-centred cubic (fcc) lattice of side a has basis vectors

a, ~ N N
ai:§(x+y+z—xi).

Show that the reciprocal of a bce lattice of side a is an fcc lattice of side 2/a.
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Solutions

1. Cross-correlations.

(a) Comparing the definitions,

r) = / " f(Ee - w)g(e) de
(f @9 / £ — €)g(€) d,

we see that f® g = f* *g.

(b) Using basic properties of the complex conjugate,

F*(u) = [ /_ ) dx] *
- / (e () da

— 00

_ / e e (03 dy

—00

_ /_OO ¢S £5(_g) s

o

_ / T em2mius o () s — F1F(w),

—0oQ
On the fourth line, we made the change of variable s = —zx.

(c¢) From parts (a), (b) and the convolution theorem,
FIf @ g = FIf~ « g] = FIf2)Flg] = FIf) Flg] = F*G.
2. The DFT and Fourier series.

(a) We use the geometric series:

1 N-1 1 N—1N-1
—ZXneiWk":— Zme
J
N n=0 N n=0 j5=0
1 N—-1 N-1
il eiw(k—j)n
TN &Y
7=0 n=0
1 — 1 — eiw(k—3)N
D
Jj=0,5#k

On the last line, we used the fact that e@ k=N = g2mi(k—j) — 1.



(b)

Let’s substitute the definitions of x,, #,, into the definition of Xj:

X, = Z £ (6,) e~ im/ kb

Here, 6,, ranges from 0 to T'(N —1)/N, and the step size is A = T/N. As N — oo, the
sum becomes an integral with Af — df. Let’s check the normalisations agree:

N-1 T
> Af= / d9=T
n=0 0

Putting it all together,

T
X, — / F(0) e Cr/TIRG g — ey
0

3. Autocorrelations.

(a)
(b)

()

Since f = g, ]:"[f®f] = F*F = |F|°.
Here we can use F[1] = §(u) and Problem 6(b)(iii) from Tutorial 3:

Flsin(2mva)]|(u) = 1,{ FIm o)) - Fle2mv (u)}

21

_ ;{5(U+V) —5(u—1/)}.

From the Wiener-Khinchin theorem, the Fourier transform of the autocorrelation is

Flfofl=|F?*= i‘ (u+v)% —26(u+v)d(u—v) +6(u —v)?

— 411{5(“+V) +0(u— V)}’

where we used the hints for the last equality. This is just the Fourier transform of
cos(2mvx) /2, as you can directly verify. Hence,

fef= %COS(QT(‘I/CE).

Let T = v~! denote the period of the original sine signal. The result in (c) states that
the autocorrelation (repetition in the signal) peaks for offsets 0, £7',+27,.... In other
words, it is periodic with period T"! This hopefully makes sense: a sine signal will match
itself exactly if we shift it backward or forward by a multiple of the period.

You may have observed that the assumption 6(z)? = 6(z) is somewhat dodgy; in
fact, using the sifting property, it is easy to see this is false, and §(x)? is not even a well-
defined distribution. So, there are some infinities (corresponding to infinite integrals)
we are sweeping under the rug! The main point, however, is the periodicity of the
autocorrelation, which remains true even when we include infinities.



4. Lifetime broadening.

(a) First, we calculate P = F[p):

P = [ e

—00

[°S) ) .
— / e—(2mu+7’ )t dt
0

— 7; e—(27rz'u+7'_1)t >
2miu + 71 0
1
C 2miu+ T

Hence,
1 1 1

_ 2 _ e
I =PI = e = = e 2

(b) The maximum occurs at u = 0, with 1(0) = 1/(27y)? = 72. Solving for the half-

maximum,
11 2

A2 2
Thus, the full width at half-maximum is 2~.

I(u) = u==xv.

5. Bravais lattices and reciprocals.

(a) Let’s calculate for a;:

—Y2,T2
aj - by _(xl’yl)‘xiyly—xlg;z 1
—Y1,T1
a;-by = (xl’yl).xfygy—xgz/l =0.

Similarly, as - by = 0, az - by = 1, and a; - b; = ¢;; as claimed.

(b) The Bravais lattice R+ is a Bravais lattice generated by by and b:
R = {m1b1 4+ moby : M1, Mo € Z}

Now we just check using part (a) that R and R* satisfy (1). For arbitrary elements
r =nia; +nsas € R and k = mi1by + mabg € RJ‘,
exp [27m'r . k] = exp [27ri(n1a1 + 72232) . (m1b1 + meg)]

= exp(2mimini ) exp(2mwimang) = 1.

~

(c) Using linearity, F[0] = 1 and the shift theorem,

F(u) = Z o F[6(x—1)] = Z eFmiuTe

recR recR



In fact, we have used a version of the shift theorem valid in any number of dimensions,
but if you are more comfortable, feel free to specialise to 1D. For any element k € R+,
we then have

F(u + k) — Z 627ri(u+k)-rcr — Z 627riu-r€27rik-rcr _ Z 627riu-rcr _ F(u)
rcR rcR rcR

where we used (1). As required, F is periodic on R*.
6. Simple signal processing.

(a) We want to increase the amplitude of frequencies w < wp and decrease the amplitude
for w > wr. So, we want something like:

K

1

} } w
wWp wr

(b) Here, we simply want to throw away all the spectral information in a band of width Aw
centred at wg, so we would have:

K Aw

—

ws
(c¢) This is the opposite of (b): we only want to keep certain frequencies. So, our filter will
be a Dirac comb, straining out the frequencies nwg, n =1,2,3,...:

K

Wy 20 3wy 4wy Sy



7. Harmonic functions.
(a) We assume that the complex logarithm is analytic without worrying too much.? Then
log z = log(re') = log r(z,y) + i0(x, y).

Since log is analytic, from the result in lectures, log /2% + y2? and 6(z,y) are harmonic,
and have orthogonal contours. Contours logr = const are circles around the origin,
while 6 = const are rays from the origin, which are indeed perpenducular:

104

-101

The more skeptical among you may be worried about invoking the magic of complex
analysis without checking anything. Explicitly, logr(x,y) = log V22 + 22 and, at least
in the first quadrant, 6(z,y) = arctan(y/z). You are invited to verify that these are
harmonic, either by hand or using your favourite symbolic algebra package.

(b) From part (a), we know that logr is harmonic and its level sets are circles (boundaries

of the annulus). Now we just shift and dilate logr so that we satisfy the boundary
conditions:

B (Vo — V1) r

(c¢) From part (a), we know that 0(x,y) is harmonic and has rays (boundaries of the wedge)
as level sets. Thus, we could repeat the construction in (b), with € instead of logr, to
solve this boundary value problem.

8. Whittaker-Shannon sampling theorem.*

(a) To do the Fourier transform, we first recall the definition of Iy and its Fourier series
rerpresentation:

o0

00 1 '
My (z) = Z Sz —kT) = T Z !/ TR0

k=—o00 k=—o00

2In more advanced applications we do need to be more careful, since there are many complex logarithms, depending
on the range of 0 we choose. Another way of saying the same thing is that the complex log is naturally multi-valued!



The Fourier transform is therefore

Flr)(u) = > / 50— KT)e 2 d

k=—0c0 "

where we used the Fourier transform representation of Il ;7 on the last line.

(b) From the convolution theorem,

Flfrl(w) = (F[Lr] * F)(u) = %(]—Hl/T * F)(u)

1 o [ k
== 0éE—= ) Flu—¢§&)d
73 [Co(e g ) ru-o

k=—0oc0

1 — k

k=—0oc0
(¢) For a bandlimited function f of width L, if we take a bunch of copies of the Fourier
transform and simply space them out at intervals greater than L, we will be able to
isolate a single copy of F. But that is precisely what F[fr] allows us to do! The spacing

of the copies is T~!, so we must choose our sampling rate 7! > L, or equivalently, our
intervals T < L~!. Thus, we can reconstruct f by sampling at a discrete set of points.

9. Diagonalisation and eigenbases.*

(a) Recall that, for finite-dimensional vector spaces, an operator A is diagonal with respect
to a basis (by,...,by), with diagonal entries (di,...,d,), just in case it acts on an
arbitrary linear combination as

i=1 =1

This is equivalent to the statement Ab; = d;b;. In other words, each basis vector b; is an
eigenvector of A with eigenvalue d;. Now consider a function space with basis elements
labelled by R. If we have an eigenbasis {f) : A € R} of £, with Lf) = djf), then

L/f,\dA:/dAfAd)\.

This is analogous to the finite-dimensional case with an integral replacing the finite sum,
so we say L is diagonal.

(b) A simple choice is the derivative operator D = d/du:

d ; .
Df\(u) = %627”)\“ = 2miAfy.



10. 3D Bravais lattices.*

(a)

As in the 2D case, we will check the result for a; and invoke symmetry for the rest. We
recall that a- (b x a) = 0. Hence,

a.b:al-(agxag)zl
P T ar (ag x ag)
ai-b :al'(a3><al):()
PP ar (ag x ag)
a.b:al-(alxag)zo
! 3 al-(agxag,) '

The same calculations repeated twice show that a; - b; = d;;. As in the 2D case, it then
follows that the lattice generated by the b; is reciprocal to R.

First, note that the triple product a; - (ag X agz) is just the volume of the parallelepiped
with sides a;. In this case, it is a cube of volume a3. Since a; = a%;, we have

by =—(y x2)=

1 1
a a

X,
and similarly by = X/a, bg = y/a. So the reciprocal lattice is simple cubic.

This simple (if slightly messy) calculation is left to the reader. The take-home message
is that reciprocal lattices can be qualitatively different from the original lattice!
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Tutorial problems

1. Paradigms in optics. There are many different mathematical models used in optics. For
the following models, (i) explain the main idea of the model, (ii) state its regime of validity,
and (iii) identify an optical phenomenon it doesn’t explain.

geometric optics;
b

(a)

(b)

(¢) Fresnel-Huygens model;
)

Huygen’s spherical wavelet model;

(d) classical electromagnetism.

2. Thin lens. Light passes through a thin, circular lens of radius R and is focussed at a point
a distance f away. The refractive index of the lens is n. Consider light passing through the
back of the lens at a vertical distance r from the centre. At this height, the lens has thickness
x(r). Assume that the lens is small (f > R) and thin (r > z).

(a) Why must all rays take the same time to reach the focus? By considering a particular

path, argue that
VRO
7f:2[nx+ 2+ (f —x)?]. (1)

c
(b) Using (1) and the binomial approximation

1
\/1+6%1+§6, || < 1,
carefully show that the lens has a parabolic thickness profile

R2—T2
- 2)

(c) Sandwich together two thin lenses of radius R, with focal lengths fi, fo and refractive

index n. Using (2), derive the thin lens formula for the effective focal length f of the
combined lens,

L1
f A f



3. Fresnel zones. Consider a sphere of radius R centred at Py, and a point P a distance b
from the surface of the sphere. The nth Fresnel zone (n = 1,2,...) is the set of points on the
sphere such that

b+(n—1))\ n)\’

<s<b+—
s +2

where s is the distance from P to the point. Put another way, zone boundaries are defined
by an optical path length difference (OPD) of A\/2.

(a) Explain in words why we expect destructive interference between adjacent Fresnel zones.

(b) Let N be the total number of Fresnel zones. Show that N satisfies

NS%[\/M—Z)]<N+1.

(c) Let rn denote inner radius of the largest zone as it appears to an observer at P. Show

that rny must obey
R
rN < ——vb(2R + ).
R+b
4. Plane waves and the Helmholtz equation. Consider the plane wave
Y(x,t) = exp [i(k-x — wt)],
where k is the wavevector, w the angular frequency, and k = |k|.

(a) Show that, for fixed t, 1(x,t) is constant on planes normal to k.

(b) By considering a point of constant phase, and assuming the waves travel in direction f{,
show that the plane waves travel with speed v = w/k.

(c) Verify that ¢(x,t) satisfies the Helmholtz equation
(V2+ k%) =0.
(d) Using the foregoing (or otherwise), deduce that ¢ satisfies the wave equation

2y L O
VY= vzatzw'



Extra problems

5. Fresnel lens. A Fresnel lens is a means of constructing a large lens with a well-defined focal
length f and maximum thickness d. We start with a circular lens of radius R;, and construct
concentric rings of outer radius Ry, around the central lens.

(a) Using (2), derive the recurrence relation for Ry:

Ry=/2fd(n— 1), Rip=/R:+2fd(n—1).

(b) Solve the recurrence and show that Ry, scales as v/k.

(c¢) Using part (b), deduce that in the limit & — oo, the width ARg11 = Ri+1 — Ry of the
kth concentric ring obeys

ARy, ~ M

2k
6. Schuster’s trick. Schuster’s trick is used to evaluate the alternating sum arising from the
Fresnel zones. For a finite sequence K71, ..., Ky, define

Y==K —-Ky+ K3 — Ky +...+ ()N Ky,
Assume that N is even and 2K, < K,_1 4+ K,11 for 1 <n < N.

(a) Following lectures, show that
1 1 1
§(K1 — KQ) <X+ Q(KN — Kl) < i(KNil — KN).
(b) From (a), infer that if Ky ~ K3 and Knx_1 =~ Ky, then
1
Y ,(Kl — KN)

(c) *For K, = n?, first check that 2K, < K, 1 + K,i1. If N = 2m is even, the exact
(alternating) sum is

Egm = —m(2m + 1).
Show that as m — oo,
EQm

— — 1.
(K1 — Kop,)

In asymptotic notation, this is written Yo, ~ (K7 — Ka,,)/2. The error grows linearly
with m, but this is much slower than the sums themselves!

7. Inscribed polygons. Take a circle, and pick n points on the boundary. Now join adjacent
points to form an n-gon. Using mirrors, a laser, and Fermat’s principle, show that the n-gon
with minimal perimeter is the regular n-gon.
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Solutions

1. Paradigms in optics.

(a)

(i) Light consists of massless particles whose trajectory is governed by Fermat’s principle.
(ii) Geometric optics is valid for plane waves when the wavelength of light is much larger
than the structures it interacts with.

(iii) Diffraction. The assumption about wavelength breaks down, and the wavelike nature
of light comes to the fore.

(i) Light is a wave disturbance; the envelope of the disturbance is called the wavefront,
and each point on the wavefront is a source of secondary spherical waves, or wavelets.
(ii) Huygens’ model is valid when interference can be ignored.

(iii) Interference! This requires information about the phase of the wave which Huygen’s
wavelet theory neglects.

(i) Light is a spreading wavefront with phase as well as amplitude.

(ii) Valid when only the scalar aspect of the wave (amplitude and phase) is important,
e.g. diffraction theory.

(iii) Polarisaton, or any other phenomenon where the vector nature of light becomes
important.

(i) Light is electromagnetic radiation: a solution to Maxwell’s equation taking the form
of orthogonal, self-propagating electric and magnetic fields.

(ii) The classical interpretation of Maxwell’s equations breaks down when quantum
mechanics comes into play.

(iii) The single photon double-slit experiment. We need to think of photons as individual
quanta, and the intensity as a probability distribution, to explain this one.

2. Thin lens.

(a)

The light must interfere constructively at the focus. If the passage times are different,
there will be phase differences leading to destructive interference. To find the common
passage time, we consider a ray travelling from » = R (the top of the lens) to the focus:

7 _ VA
R=—
c

Now for an arbitrary r. The distance travelled through the lens is z, and the distance
in air is y/r? + (f — 2)2. Since the speed in the lens is ¢/n, and the speed in air is ¢, the

time is 1
nx
T, = —+—/r2+(f —x)%
c c

Since the passage time is common, T = T} and we have the desired identity (1).



(b) Moving all the terms to one side, we get
0=nz+\r2+(f—2)2 - /R2+ f2
2 2 2
T T R
(1) 5 (1 2) o (B)
\/ f ! f
2 r?+ 22 R\?
—nz+ fi|1- 5+ — f1[1+ () .
\/ f f? f
The lens is small and thin, so f > R > r > z(r). Using these approximations, and the
binomial approximation for the square root:

2 124 22 R\?
2 2 R\?
zn:n—l—f\/l—;—l—;—f\/l—i-(f)

2
zn:v—i—f%—f(?ﬁ—%)— —f<R> :(n—l)x+r2_R2.

2\f2 f 2\ f 2f
Rearranging, we obtain the parabolic profile
2 _ .2
(1) = R
2n—=1)f

(¢) The trick is simply to note from (2) that x = a/ f, where « is a constant depending on
R and n. The thickness of the combined lens is therefore
1z x4z 1 n 1

[« a i f2
You might worry that we are treating a biconvex lens, curved on both sides, as a simple
lens with the same thickness profile. For our idealised thin lenses, the difference is
negligible.

3. Fresnel zones.

(a) By definition, rays from the boundaries of the Fresnel zones have a half-wavelength OPD
and interfere destructively. Similarly, for each ray leaving a Fresnel zone, we can match
it to a ray with half-wavelength OPD in either adjacent Fresnel zone. So in general,
adjacent zones destructively intefere.

(b) The maximum OPD tells you the total number of Fresnel zones. The shortest path from
P to the sphere has length b, while the longest (see the diagram) has length

V(R+b)2 - R2=/b(2R + ).

The number of half-wavelengths (A/2) contained in the maximum OPD is the total
number of Fresnel zones N, so

N <

[\/b(2R+ by — b] <N+1

> o



()

(R0

rmax

To find the inner radius 75, we must project the inner boundary of the last Fresnel zone
onto a plane perpendicular to the line from P to Py. Call the maximum projected radius
Tmax; clearly, we must have 7y < rpax. Using similar triangles (see diagram):

Tmax _ V/b(2R+1D)
R R+b

Hence,

R
N < Tmax = R7+ b\/ b(2R + b)

4. Plane waves and the Helmholtz equation.

(a)

()

Recall from linear algebra that planes normal to a vector k are given by
k-x=d
for some constant d. Thus, for fixed ¢, on these planes 1 is a constant:
P(x,t) = exp[i(k - x — wt)] = exp [i(d — wt)]

To see how fast the waves move, follow a point of fixed phase as the wave moves over
unit time. For instance, at t = 0, the phase at the origin is

ik -x —wt) =0.

The wave propagates in direction k. At time t = 1, it has moved a distance v, where v
is the speed. By setting the phase to zero (remember, we are trying to see how fast a
point of constant phase moves), we can solve for v:

0=ik -x—wt)=i(vk-k —w)=1i(vk —w).
Hence, v = w/|k|.
Since k - x = kjxj, we have

0 N2 2
@?ﬁ = (ik1)*p = —ki,



and similarly for y and z. It follows that
V2 = — (ki + k3 + k3)v = —k*1).

Thus,
(V2 + k%) =0.

(d) From the Helmholtz equation, V2¢ = —k?1). However, twice taking the partial derivative
with respect to time, we obtain

= ()’ = —w*y.
Since v = w/k, we can assemble these two identities into a wave equation:

1 .

Vi = R = () =

v2
5. Fresnel lens.

(a) See lecture notes.

(b) First of all, we guess that Ry, (the outer radius) scales as vk, with R, = v/ak for some a.
From R, we must have « = 2fd(n—1). Let’s check if this choice satisfies the recurrence:

i1 = Valk + 1) = Vak + a = /R +2fd(n - 1).
It does! So, as claimed, the outer radii scale as Vk.
(c¢) From (b), the width of the kth annulus is

k+1—-k va
VE+FT1+vVE VE+1+VEk

In the limit £ — oo, the difference between k — 1 and k is negligible, so

va o [fdln—1)
VE+vVEk—1 2k

ARp1 = vVa(Wk+1-Vk) = Va

ARy, =

6. Schuster’s trick.

(a) Since N is even and 2K, < K, —1 + Ky 1, from lecture notes we have
X< 1K + 1K K
g1 5 N
Y>K ! K. ! K
11— 52 = 5 AN
We can rearrange to obtain the desired inequality:

1 1 1
§(K1 — KQ) <X+ §(KN — Kl) < §(KN_1 — KN).



(b) If K1 =~ K3 and Kny_1 =~ Ky, then the LHS and RHS of the inequality in (b) are small.
The middle term must also be small, or equivalently,

1
Y §(K1 — KN)

(¢) First, we check our assumption about the growth of the sequence:

Kp1+Kny1 —2K, = (n—1)% 4+ (n +1)% — 2n?
= (2n? —2n+ 1)+ (2n* +2n 4+ 1) — 2n?
=2>0.

Hence, K,,—1 + K41 > 2K, as required. Schuster’s approximation for Yo, is

1 1

As m — oo, the ratio is therefore

Som  Am?+2m 1+ 5 Lo
Ny — Ko)  4m?2—-1  1- L :

7. Inscribed polygons. Suppose the boundary of the circle is reflective, and place it in a
vacuum. Shoot a laser from one of the n vertices and demand it return to the same point

(initial and final point specified).

By Fermat’s principle, the path taken by light minimises the time; since it is travelling in
vacuum, this is equivalent to minimising the perimeter of the shape described by the path.
But since light travels in straight lines, and the angle of incidence equals the angle of reflection,
the minimal perimeter n-gon is regular. (Technically, the argument also allows for stellated
polygons, but these clearly have larger perimeters than the regular polygons.)
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Tutorial problems
1. Propagating plane waves. Consider the spatial part of a plane wave of wavelength A,
k
p(r) = eXp(Zk . I‘) = exp(27rzu . r)’ u= —.

7r
Recall that |k| = 27/), so [u| = 1/A. Set u;| = (uz,uy) and r| = (z,y).

p(ri,2) =exp(2miu, -r )exp [27&)\12\ /1— )\QUi] .

(b) Take a slice of the wave at z = 0. Explain how lines of zero phase depend on u; .

(a) Show that

(¢) Let 9(r,z) be a monochromatic wave packet, with A as above, and ¥ = F[¢)(r,,0)]
the spatial Fourier transform of 1 in the z = 0 plane. Assume the wave is travelling in
the z-direction, with ¥(u, ) = 0 for Auj > 1.

Since each plane-wave component evolves independently via (a), show that

P(ry,z) = /dU.J_ U(uy)exp(2miu, -r)exp [2%2‘)\17;\/1 - )\Qui] .

2. Fresnel and Fraunhofer. Consider a monochromatic wavepacket as in Problem 1(b). If the
parazial approximation ui < u? holds for all nonzero spectral components, we can propagate
the wavepacket foward in the z direction. To go from z = z1 to z = 29 (with Z = 29 — 21),
we have

P(ri, z2) Z/drl K(ry, 2051, 20)0(x', 1), (1)

where K is the Fresnel propagator:

INZ

in(r] —r'))?
VA

1
K(ry, 291, 21) = —— exp(ikZ) exp [

We also denote r| = (z,y) and v/, = (2/,1/).

(a) Express Fresnel propagation as a 2D convolution.

(b) Consider the far-field regime (aka Fraunhofer approximation), where the Fresnel integral
(1) vanishes unless
¥ |2 < \Z.

Show that, in this case, the Fresnel integral reduces to a Fourier transform with phase
factors:

P(ry,z2) =

ikZ ; 27 )
ex{;izz )exp [WLrZﬂ } Flp(r', 21)] (ug, uy)

where u, = x/AZ and uy = y/AZ. When we calculate diffraction patterns, we only want
the intensity |1|* and the phase factors go away.



3. Far-field rectangles. Obstructions in the object plane at z = 0 form far-field diffraction
(i.e. intensity) patterns when illuminated by a monochromatic plane wave of wavelength A
and amplitude A. Find the exact form of the diffraction pattern at z = Z for the following
apertures:

(a) a rectangle with dimensions a x b;

(b) an opaque square of side length a in the middle of a square hole of side length b (b > a).

4. Simple image processing. You can process or filter a monochrome image in an analogue
way as follows: (1) put a transparency behind a lens, (2) illuminate both with a plane wave,
(3) apply a filter in the focal plane Z = f, then (4) use another lens at Z = 2f to recover
a flipped, processed version of the image. (Hopefully you remember this from second year
labs.) Match the processed image of Einstein in the first column to the filter in the second:




Extra problems

5. Lenses. Position an object in front a lens and illuminate the lens and object from behind with
a plane wave. The wave passes through the lens, then the object, and creates a diffraction
pattern.

(a) Without the lens, where would the rays focus?

(b) Using part (a) and Problem 2(b), give a heuristic argument that the diffraction pattern
in the focal plane is simply related to the Fourier transform of the light emerging from
the object. In other words, a lens is an analogue Fourier transformer!

(c) *It can be shown that light passing through a lens with focal length f undergoes a phase
transformation

m|r1|2}

Af
Given this fact, demonstrate that Fresnel diffraction for the combined transmittance Tj1)
is equal to far-field diffraction for ¢» when Z = f. This is a rigorous version of (b)!

Tir,) = exp [

6. Array theorem. Suppose we take an opaque screen at z = 0, and several identically shaped,
non-overlapping holes called an array. The amplitude transmittance for an individual hole is
T(z,y), and the holes are centred at x; = (z;,y;) for j =1,...,n.

(a) Write the transmittance T4 of the array by convolving 7' with a sum of delta functions.

(b) Using properties of Fourier transforms (Tutorial 3), show that

FITA) (g, 1y) = FIT) (g, uy) Y e 2riivatvu),
j=1

Applied to far-field diffraction, this result is called the array theorem.

(¢) *Apply the array theorem to find the far-field diffraction pattern due to n slits of width
a and infinite height, uniformly spaced at intervals d > a.

7. Babinet’s principle. Let A be an obstruction in the object plane at z = 0, and B the
complementary obstruction. (Think of cutting A out of an infinite opaque sheet, leaving
B.) Babinet’s principle states that, for u; # 0, the Fourier transform of the transmittance
functions Fa, Fp satisfies

FA(UJ_) = —FB(UJ_).

(a) A human hair is placed on a glass plate and illuminated with a handheld laser (A =
671 nm). A diffraction pattern (stripes parallel to the hair) is observed on a screen 1 m
away, with the first minimum a distance 6.7 mm from the centre of the pattern. Use
Babinet’s principle to estimate the width of the hair.

(b) Generalise Babinet’s principle to a set of non-overlapping apertures A;, i = 1,...,n
whose union covers the image plane.



8. Paraxial wave equation. For a wave propagating in the z-direction (with only weak di-
vergence), it’s natural to factor it into a plane wave moving in the z direction and a planar
envelope function controlling variation in the transverse plane:

o(r) = (e, z)e™.

The Helmholtz equation for 1 is

(V2 + k% =0.

Combining the two equations, and assuming that the planar envelope is a slowly-varying

function of z (|921)| < k|.1|), we obtain the parazial wave equation for 1:

(a)
(b)

a1 -
[vi + 2@/.3(%] P =0, (2)

Show that, formally speaking, (2) can be written as a 2D diffusion equation with diffusion
coefficient D = 1/2k and imaginary time t = iz.

Conclude that the fundamental solution to (2) is

~ . k ik|rL]2
Y(re,2) = 2miz eXP [ 2z '

On Level 6 of the physics building, Professor Quiney does imaging with X-rays and
Professor Allen does imaging with electrons. The two have a long-running dispute about
which is superior. In fact, the different methods of imaging are governed by the same
mathematics! Show that the paraxial wave equation is identical to the Schrédinger
equation for a free particle in 2D, with z = t and mass m = hk.

9. Circular holes and Airy patterns.* Consider the diffraction setup of Problem 3 with a
circular aperture of radius R. To find the far-field diffraction pattern, we need to Fourier
transform the transmittance function in radial coordinates:

(a)

(b)

1 0<r<R
f(r):{O R<r.

Write the Fourier integral in polar coordinates, using (r, ) in the object plane and (p, ¢)
in Fourier space. You should find

00 27
F(p, ) :/o drrf(r)/o df exp(—2mirpcos(f — @)).

Using the Bessel function identities

27
Jo(B) = — /0 a8 exp(~i36)

T or
B
51(8) = [ si(s) s
0
simplify the result in (a) to obtain

R
F(p,0) = EJI(QWPR)'



(c) Conclude that the far-field diffraction pattern at z = Z is

Ji(mk) 73 2Rr
I(r) =4Iy7°R [ p— } , K=

where Iy = A? is, as usual, the intensity of the illuminating plane wave. This is called
the Airy pattern.

(d) The function [J1(7k)/(7x)]? has a minimum at x = 1.22. Argue that the width d of the
central lobe in the Airy pattern in (c) is therefore

VA
d=1.22 —.
R

This is the basis of the Rayleigh criterion for the resolution of an optical system.

10. Hankel transforms.* Suppose g(r) is a function which only depends on radial distance from
the origin. The m-th order Hankel transform of g(r) is like a Fourier transform, but weighted
by the m-th Bessel function of the first kind J,,, instead of a plane wave:

Hanlg(P))(p) = 27 /0 " dr rg(r)Jm(2rp).

You can regard the functions J,, as “black boxes” whose defining properties we will specify as
we need. For separable functions in polar coordinates, we can express the Fourier transform
in terms of Hankel transforms.

(a) Suppose that in polar coordinates, the function g(x,y) takes the specific form
g(r,0) = R(r)e’™, m e Z.

Show that the Fourier transform G = F[g] may be written in terms of the Hankel
transform as

Glp,9) = (=)™ Hun[R](p),

where (p, ¢) are polar coordinates in Fourier space. You will need the following identity
for Bessel functions:

exp(iasin ¢) = Z Ji(a Zk¢.

k=—o00

(b) Now consider an arbitrary separable function g(r,6) = R(r)©(f). Use part (a) to show

that,
=D (=)' M HLR] (),

kEZ

for

2m
ck:/ df e=*9(9).
0
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Solutions

1. Propagating plane waves.

=A==t ul = u =g/l A3

(a) We have

Hence,

exp(2miu - r) = exp(2miuy - ry)exp(2miu,2)

= exp(2miu, -r))exp [QWiA_lzm]

as required.

(b) At z =0, lines of zero phase correspond to u -r| = uzx +uyy = n for integer n. These
lines have slope u,/u, and separation ull.

(¢) From the definition of W,

P(ry,0) = /dU.J_ V(u)exp(2miuy -ry).

Using part (a) to propagate each plane wave component forward, and the assumption
that U(u ) =0 for Auy > 1, we deduce that

W(ry,z) = /duL U(u,y)exp(2miug -ry)exp [2772')\_12\/1 — A%i] .

2. Fresnel and Fraunhofer.
(a) First, we note that the Fresnel kernel K only depends on r| —1r’,. Hence, we can define
ﬂ&(I‘L) = ’l,ZJ(I'L, Z)a KZQ,Zl (rL - rlj_) = K(er 223 I'/J_, Zl)-

It follows that

ey, ) = / dr', Koy oy (£ — ¥ )0 (7))
= (Kzz,zl * ¢21)(rL)'

In fact, the Fresnel propagator is a Green’s function, as encountered in our discussion of
PDEs earlier in the course. In optics, it is called a point-spread function rather than a
Green’s function.



(b) First, we need to simplify the Fresnel propagator using the far-field assumption:

1 M ol )2
K(ry, 2z, 21) = Y exp(ikZ) exp m(rl)\ZrL)}
1 My 2 /12 92 L/
=z exp(ikZ) exp -z7r|11| - |r)%Z = rL}
1 » 2 . /|2 — 973 / /
=57 exp(ikZ) exp _ZWLI.ZH ] exp [WLTZJ } exp { m<$)\$Z+ vy )}
1 B -Z.7T‘I'J_|2 .
Y exp(ikZ) exp By exp [—2mi(uza’ + uyy')]
where u, = 2/\Z and v, = y/AZ. Substituting into (1), we obtain
1 . iﬂrJ_P / ’ .
W(ry, z) ~ Wexp(zkzZ) exp | — dr') (r', z1) exp [—2mi(uzx + uyy)]

imlr ?

1 .
=57 exp(ikZ) exp [)\Z

] Flp(e 20)) ().

3. Far-field rectangles.

(a) In this case, the transmittance 77 is just a product of rect functions, say
€z Y
Ti(x,y) = rect <—> rect <7> .
1(2,y) 0 b

The far-field amplitude is proportional to the Fourier transform F [T1]. Since the func-
tion is separable in Cartesian coordinates, the Fourier transform factors into separate
transforms in « and y. Finally, we use the Fourier transform of the rect and the similarity
theorem:

FIT1) (g uy) = F [rect (2)} (uz)F [rect <%>} (uy)

= absinc(auy)sinc(buy).

Hence, the diffraction pattern in the image plane at z = Z is

2,2

. Iz azr b
_ 2 _ 1oy . 2 .2 Y
1(2,) = I FITi](@/A2,5/A2)* = {5755 sine (—AZ>Slnc <AZ)

where Iy = A? is the intensity of the illuminating plane wave. There is a cartoon of the
pattern below, courtesy of Mathematica:

(b) The transmittance function is now

Ts(z,y) = rect (%) rect (%) — rect (2) rect (%) .

We can use part (a) and the linearity of the Fourier transform:
FTo) (t, uy) = b? sinc(buy )sinc(buy) — a® sinc(au, )sinc(auy,).

I leave squaring this to your imagination. Again, we draw a cartoon version below.



4. Simple image processing. 1 — 2: The slit mask allows through spectral information about
vertical frequency, and filters out almost everything else. That is why the image is blurred in
the horizontal directions; most of that information has been lost.

2 — 3: This is a low-pass filter. It gets rid of high frequency information, leaving only blurry,
slowly changing spectral components.

3 — 1: This is a high-pass filter. 1t gets rid of low frequency components (large patches of
colour), leaving only rapidly changing parts of the image. For this reason, high-pass filters
are used for edge detection.

5. Lenses.

(a)
(b)

()

At “infinity”, since they remain parallel forever.

Infinitely far away, we would get far-field, Fraunhofer diffraction. Since the lens effec-
tively relocates infinity to the focal plane, it stands to reason that the diffraction pattern
formed there is Fraunhofer.

*Going through the argument in Problem 2(b), we see that all we need to do to change
Fresnel to Fraunhofer diffraction is get rid of the factor

Ti(r)) = exp [

in the Fresnel propagator K(r,zg;r’ ,21). The far-field approximation is one way to
do it, but the phase factor from the lens also works perfectly! See the lecture notes for
further details.

6. Array theorem.

(a)

Convolving with a delta function é(x — 2)d(y — yo) simply shifts a function to (g, yo),
so convolving with a sum S of appropriately centred deltas will give us a sum of shifted
copies:

Ta=T=%S, S(r)= Z(S(r - X;).
j=1



(b) Using the convolution and shift theorems from Tutorial 3,

~ A ~ A

FlTal(ug, uy) = F[T * S](ug, uy) = F[T)(ug, uy) F[S](usg, uy)

= FIT)(uz, uy) Zﬁ[é(r — %5)] (uz, uy)
j=1

= FT) 1t ) 3 e 2
j=1

(c) Orient the slits in the y-direction. The slit transmittance is just a rect function:

T(z,y) = rect (%) .

Write the position of the slits as x; = (dj,0) for j = 1,...,n, though the result will be
the same if we shift these up or down in the y-direction a fixed amount. Thus, from the
array theorem and our results for the rect function, the relevant Fourier transform is

n n

./%[T](ux, Uy) Z e 2mi(zjustyjuy) asinc(auy) Z (6—27riduz)j
Jj=1 j=1
) L(n+1)/2 ,—(n+1)/2 _ (n+1)/2 .
= asinc(auy) gy i s=e¢
=q e_W(n+2)Zdu$SinC(aux) Sln[ﬂ-du (n + )]

sin[mdug)

Thus, the diffraction pattern is

ﬁ) sin?[rdx(n +1)/\Z] '

2 12
I{z) = Tpasinc </\Z sin?[wdz/\Z]

This is the pattern from an idealised n slit diffraction, with a sinc envelope due to the
finite width of individual slits. For instance, here is the pattern for d = 2a, n = 5:




7. Babinet’s principle.

(a)

Let w be the width of the hair. From Babinet’s principle, the far-field diffraction pattern
from the hair is practically identical to the pattern from an aperture of the same width.
Using calculations from lectures or Problem 2(a), the diffraction pattern of a slit of width
w is proportional to sinc?(wz/AL). Since the first zero of sinc(t) occurs ¢ = 1, and the
first minimum in the diffraction pattern occurs at z = 6.7 mm, we have

we AL 671 nm x1m

=1 = w=

N = T 6rmm o WOpm.

If you have a laser pointer handy, you can actually try this at home!

Suppose each aperture A; has transmittance T;. By definition, the combined transmit-
tance of the apertures is always unity, since at each point, it is 1 over some aperture A;
and zero elsewhere: .

i=1

Now split an incoming wave ) into patches emerging from each aperture:

n n
p=> Tip=>
i=1 i=1
A simple generalisation of the argument from lectures shows that

Y FT)(ur) =0, uy#0.
=1

8. Paraxial wave equation.

(a)

(b)

()

The diffusion equation in 3D is

0y

Making the substitutions D = 1/2k and t = —iz, we recover the paraxial wave equation:
o -
zz'kaiﬁ = V24
We simply substitute D = 1/2k and ¢ = —iz into the fundamental solution for the wave
equation in 2D,
1 22+ y?
) t) = — .
(@.9:8) = o &P { 4Dt

This is a similar exercise to (a). The 2D Schrodinger equation for a free particle of mass
m is 5 )
- A _
ih—1) = ——V2 4.
(‘9t¢ 2m v
After a little algebra, we see this is identical to the paraxial wave equation for m = hk
and z = t.



. Circular holes and Airy patterns.*
(a) First, convert the polar coordinates in Fourier space (p, ¢) to Cartesian coordinates:
Uy = PCOS P, Uy = psin ¢.
Now we just plug these into the usual definition, change to polar coordinates
r=rcosf, y=rsind,

and use a double angle formula:

A

F(p,¢) = F[fl(pcos ¢, psin ¢)
= /oo dx dy f(v/ 2% 4+ y2) exp [—2mip(x cos ¢ + ysin ¢)]

oo 2m
= / drrf(r) df exp [—2mipr(cos b cos ¢ + sin 0 sin ¢)]
0 0

27
= / drrf(r) df exp [—2mipr cos(0 — ¢)].
0 0

(b) Making the change of variables ¢ = 6 — ¢ in the 6 integral (and exploiting the periodicity
of cosine), followed by the first Bessel function identity, we get

00 27
F(p, ) :/0 d?“'rf(r)/o dY exp [—2mipr cos V]
=27 /OO drrf(r)Jo(2mpr)
0
R
= 27r/ drrJo(2mpr).
0

We can make the change of variable s = 2w pr and use the second Bessel function identity:

1
- 2mp?

27pR R
F(p, ) / ds sJo(s) = EJl(QWPR)o
0
(c) Under the usual substitutions u, = x/AZ, uy, = y/AZ, the polar variable p = r/\Z.
Now we substitute into the result from (b) and square to get the intensity of the far-field
diffraction pattern:

I(r) = L|F(r/A2)?
2 J1(7TKZ) 2

= I(] ‘QTFR

TR

— 41ym*R* [Jl(m)] 2

TR

where k = 2Rr/\Z. Here is a graph of the Airy pattern:



(d) The width d of the central lobe is given by

2Rr VA
122=r=— = =2r =122 —.
K 7 d T I

10. Hankel transforms.*

(a) Using the same strategy as Problem 9(a):
o] 2 )
G(p,¢) = / drrR(r) / d ™Y exp [—2mipr cos(0 — @)]
0 0

oo 27
= / drrR(r) / df €™ exp [2miprsin(¢p — 6 — w/2)] .
0 0

Usung the identity for Bessel functions, we obtain

00 27 ) S
G(p, ) = /0 drrR(r) /0 o™ > Jp(2mpr) explik(¢ — 0 — m/2)]

k=—o00
oo

oo 2
= Z (—i)keik¢/ drer(prr)R(r)/ dp ' (m—H)0
0

k=—o00 0

o0

= Z (—i)ket*95,,. - 2 /OO drrJg(2mpr)R(r)

k=—oc0 0

= (=)™ Hn[R) (p).
Along the way, we used the fact that e~ /2 = —j and
1 2

- dg elm=ko — 5 .
27'(' 0

(b) Since O(0) is a function of polar angle, it is periodic with period T' = 27. Hence, it has
an exponential Fourier series



Thus, we can write
o0
g(r,0) = Z cre® R(r).
k=—oc0

Using the linearity of the Fourier transform and part (a), we obtain

G(p,8) = Flal(p, ) = D axFle™ R(r))(p, ¢)

k=—o00
oo

= 3 (i) MR (o).

k=—o00

Plugging in the definition for the exponential Fourier coefficients c; of ©(6) gives us the
final result.



