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Complex Analysis

A function defined on a set of complex numbers S is a rule which assigns to each z in S a unique
complex number w, denoted:

w=f(2)

Here z takes on values in S, and is called a complex variable. The set S is the domain of definition
of f(z2).

Let u and v be the real and imaginary parts of w. Since w depends on z = x + iy, and therefore on
z and y, so do u and v. We can therefore write

w=f(2) =u(z,y) +iw(ry)

A complex function f (z) is equivalent to two real functions u (z,y) and v (z,y), each depending on
x and y.

Note that in order to have a well defined complex function, we must obey the unique mapping
fron z to f(z). For example, z (the complex conjugate), is a valid function, since the mapping
x + 1y — = — iy produces a unique mapping for each (z,y).

Consider the function f (z) = 22 + 3z. What if we want to determine u (x,y) and v (z,y)?

We can write this out:

f(2) = (x+iy)* +3(x+iy)
= (2% + 2izy — y®) + 3 (2 + iy)
= (2% + 3z — y®) + i (2zy + 3y)

And thus we have that u (z,y) = 2% + 32 — y? and v (z,y) = 2xy + 3y.

Analytic Functions

A function f(z) is analytic in a region of the complex plane if it has a unique derivative at every
point in the region.

What does it mean for f (z) to have a unique derivative? Let us compare this to a function g (x) of
a real variable. Let‘s say that the function is smooth, but it has a sharp point at xg. At every other
point, g (x) has a derivative, but at xg, g () does not have a derivative, the left and right handed
limits at x¢ do not match. Let us now generalize this idea to functions in the complex plane.

This case is more complicated because instead of having just two directions of approach, we have a
2D plane, so we can approach from an infinite number of directions. In this case, we need every one
of these infinitely many directional limits to match, this is how we define a unique derivative for a
complex function.

How do we define the derivative of a complex function f (z)? We define it in the same way as we do
for real functions:

A A
7d2’7Az—>0AZ

f'(2)
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where Af = f(z — Az) and Az = Az + iAy.

The requirement for analyticity is incredibly stict, and is much more difficult to satisfy than the
real counterpart.

Let’s do a couple of examples. Consider the function f (z) = 22. Is this analytic?

Doing this from first principles:

d ;o . (z + Az)? — 22
dz (%) = Alggo Az
224220+ (Az2)P = 22
= lim
Az—0 Az
. 22Az+ (Az)?
= lim ———
Az—0 Az
= lim 2z+ Az
Az—0
=2z

2

Thus we see that, since the result is independent of the direction of Az, f (z) = z* is indeed analytic.

What about the function f (z) = 27

T AD s
df lim (z4+Az) —Z

dz - Az—0 Az
: (z+ Ax) +i(y + Ay) — (z +1y)
= lim -
Az, Ay—0 Ax +iAy
Ax — 1Ay

im
Az, Ay—0 Ax + sz

We can vary both Az and Ay independently, and we note that the case where we approach along
Ay = 0 (the z-axis) and the case where we approach along Az = 0 (the y-axis) provide different
derivatives (4+1 and —1 respectively). Therefore, the complex conjugate is not analytic.

What is the general condition a function f (z) has to satisfy in order to be analytic?

Theorem 1.1. Cauchy-Riemann conditions. If f(z) = u(z,y) + iv (z,y) is analytic in a given
region, then in that region:

ou  Ov
oz Oy
ou v
dy Oz

These are the Cauchy-Riemann conditions.

Proof. We want to show that % is defined and unique for all x and y.
Starting from the definition:
Ao _ . of

= 111m -—
dz 520 0z
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Now we note that §z = dx + idy, and therefore ¢ f = du + idv. Thus:
6f  du+idv

8z 0z +idy

We now consider two approaches to the point (z,y), one that is parallel to the x-axis, and the other
that is parallel to the y-axis. We will show that the requirement that these two approaches are
equivalent will imply the Cauchy-Riemann conditions.

Approaching along dy = 0, We have that

. Of . Odu+idv
lim — = lim ————
52—0 0z ox—0 ox
Oz Zax
Approaching along dx = 0:
. of . du+idv
lim -~ li -
oz— 0z dy—0 0y
o
9y Oy

Now we enforce the condition that these two are equal:

ou .Ov Ou Ov

"oy oy

87:6+Z8x

Now separating the real and imaginary components:

ou_ o
or Oy
ou_ o
oy Oz
Which are the Cauchy-Riemann conditions. O

Now we note that the other direction is true, Cauchy-Riemann being satisfied imply analyticity.
Theorem 1.2. If u(z,y) and v(x,y) and their partial derivatives with respect to x and y are
continuous and satisfy the Cauchy-Riemann conditions in a region, then f(z) is analytic at all

points inside the region (though not necessarily on the border).

Proof. By definition:

_of of
of = 83:596—1- 6y5y
“\oz o) oy Zay Y
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From this:

o _ (G i) o (5 +155) o

ox

0z ox + 1y

Now let us impose the Cauchy-Riemann conditions. We can replace terms in the numerator:

of _ (Bt + i) on+ (G +ify) oy

0z ox + idy
_ (B i) oat (g +igy) oy

x

ox + 10y

We can now see that we are left with

of  (BY) (5z + idy) + i3 (6x + idy)

0z 0x + idy
ou L+ Ov
= — 1—
oz oz
Note that this is independent of the direction chosen, and therefore we have analyticity. ]

Let us introduce some more definitions. A regular point of f(z) is a point at which f(z) is
analytic. A singular point of f(z) is a point at which f (z) is not analytic. It is denoted an
isolated singular point if f(z) is analytic everywhere else inside some small circle about the
singular point.

Theorem 1.3. If f (z) is analytic in a region, then it has derivatives of all orders at points inside
the region, which are then also analytic functions in that region.

We state this theorem without proof. We can use this theorem to infer an important conclusion
about the functions u (x,y) and v (z,y), they must have partial derivatives to all orders.

Consider the Cauchy-Riemann conditions:

ou Ov

2 _ 7 1
or Oy (1)
ou ov
0 _ 7 2
Ay ox 2)

Suppose we take the partial with respect to z of Equation 1, and the partial with respect to y of
Equation 2, and add them:

o o
oy 022
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This is Laplace’s equation in two dimensions. Any function u that is part of a complex function
f (2) must be a solution to the 2D Laplace’s equation. Similarly, we can take 8% of Equation 1 and

subtract the a% of Equation 2, and we have the condition:

o Po_
ox?  Oy?

We need both of these to be true simultaneously, and is in part the reason that analyticity is a very
strict condition. Note that solutions to Laplace’s equation are known as harmonic functions, and
thus u (z,y) and v (z,y) must be conjugate harmonic functions.

Let us now study some real valued functions generalized to the complex plane. Some of these will be
analytic on the entire complex plane, denoting them entire functions. For example, all polynomials
of the form

f(z)=cotecrz4cz®+.. .cn2"”

are entire functions.

A quotient of two polynomials p (z) and ¢ (z) is called a rational function:

These are analytic for every z for which ¢ (2) is nonzero. A rational function of the form
c
(z—20)"
where c is a constant, is known as a partial fraction.

Now let us consider the exponential function:

= e” (cosy +isiny)

The exponential function is an entire function.

The trig functions are defined the same as they are on the real line, except that x is replaced with
x +1y. The sine and cosine functions are entire, tangent and secant are analytic except where cosine
is 0, and cotangent and cosecant are analytic except where sine is 0.

We define the hyperbolic trig functions:
coshz = (ez + e_z)

sinh z =

DN =D =

(¢ ™)

These are both entire functions.
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Branch Cuts

So far all the generalizations have been pretty 1Well—behaved, but now we hit the first snag, when we
consider roots. Consider w™ = z. Then w = z». We now show that for any non-zero z, there are n
distinct values of w. In polar coordinates, we have that

z=re
and
w = Re'®
Now exponentiating w in the polar form:
w" = R"e?

=z

= et

Thus we have that R™ = r, and therefore R is the nth root of r, R = rw. Also note that since both
r and R are real and positive, R is unique.

Now let us consider the phase terms, ¢? and €. The condition for these two to be equal is:

ne =0+ 2wk

0 k
¢o=—+ (> 2m
n n
We see that ¢ takes on n values, with k = 0,1,...,n — 1. Thus we see that when asking for the

nth root of z, there are n different valid roots. Why can we not just pick a principal root, such
as k = 07 Suppose we have 0 € [0,27), and picking £ = 0. Then we have forced the nth root of z

for any k € Z. Thus we have that

to be single-valued. N(l)vv co?sider the value of 27 at a point just above the real axis. In this case,
0 ~ 0, and therefore z» = rn». We can trace out a circle around the origin, and the value smoothly
changes as 6 changes. Hovlveyeﬂr, as we approach the real axis from below, we see that the value of
the function approaches r»e'n» . We see that we have a sudden jump across the real axis. A region
in which the function’s value jumps suddenly like this is known as a branch point. In this case the
branch point is the positive real axis.

In fact, the branch cut singularity is unavoidable, we can shift the choice of k, and we will just
shift the branch cut. For example, suppose we restrict 6 to lie between —n and w. In this case, the
branch cut will occur on the negative real axis, where 6 wraps back around.

Let us now consider the logarithm. Suppose e¥ = z, and thus w = In z. If we write z in polar form,

2= re'.

Inz=1In (reie)
=Inr+In (eie)
=Inr+i(0+ 27k)
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where k € Z is an arbitrary shift to the angle. We see that, in general, In z is multi-valued. We can
make it single valued by restricting the choice of k to a single value, such as k = 0, but then we
have a branch cut singularity.

To show this, let us restrict ourselves to £k = 0 and —7 < 8 < 7. We see that if we look at the
negative real axis, we find that approaching from above gives us 8 — 7, and from below gives us
@ — —m. Thus w = Inr + im from above, and w = Inr — i7 from below, which does not match, and
thus we have a branch cut singularity.

We can also consider other functions, in which the singularity structure may be more complicated.
Consider the seemingly simple function

f)=(:2-1)""
= (z+ 1)z - 1)Y?

We can see that we expect a branch cut starting at z = 1, as well as a branch cut starting at z = —1.
What is the singularity structure of the product of these two functions?

We claim that one of the allowed choices of a branch cut is the line between 2 = —1 and z = 1. Let
us determine whether or not this is true. First, let us write the two in polar form:

(z+1) =re?

(z=1) = pe'®

Suppose we choose the range 6 € [0,27) and ¢ € [0,27). Now, given these definitions, f(z) =
\/p7€i(9+¢)/ 2. Let us track the value of the phase component as we move along a path that goes
around our two points (and doesn’t intersect where we claim the branch cut is). We are looking for
sudden jumps in the value of the phase, which would indicate a branch cut.

We can obtain the values of 6 by measuring the angle from the point z = —1, and obtain the value
of ¢ by measuring the angle from the point z = +1. After doing so, we can compute the phase on
the product. We then look for sharp discontinuities when transitioning from above to below the
axis, or vice versa. We see that we have no discontinuities past z = 1 or before z = —1, and we
have discontinuities when transitioning between the two. This validates our choice of a branch cut
lying between z = —1 and z = +1.

What if we make a different choice of our restrictions? Can we change the location of the branch
cut?

Suppose we choose 0 € [—m, 7|, and leave the ¢ restriction the same. First, are we allowed to pick
the ranges of the two angles to be different from each other? To show that we can, suppose we write
the two subfunctions as follows:

VZ—1=R_ei-
\/ﬁ = R+€i9+

And we can square both of these:

z—1= R0
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z+1= Rieme+

Note that we can consistently change 6_ by m, and both formulas are still valid. Thus, we are
allowed to choose the phases arbitrarily. This means that we can change the cut structure by making
different choices for the ranges of § and ¢. If we return to the choice where 6 € [—m, ), we will find
that we have branch cuts before z = —1 and ater z = +1, but no branch cut in between.

Line Integrals

Consider a line integral of a function f (z) from a point A to a point B in the complex plane. Under

what circumstances is the value of this integral ff f (2) dz independent of the path taken from A
to B.

Theorem 1.4. Cauchy’s Theorem. If f (z) is analytic in a simply connected, bounded domain D.
For every simple closed path C in D:

§£Cf(z) dz =0

Where ¢ denotes the fact that C is a closed path. A simply connected domain implies that any closed
curve in the domain can be shrunk to a point without leaving the domain D.

Proof. We can write out the integral:
yg f(z)dz= §I§ (u+iv) (dz + idy)
C C
= 75 (udx —vdy) +iy§ (vdx + udy)
C

C

¢A~dr:/(V><A)-ds

Let us attempt to map the line integrals that we have into the form of Stoke’s theorem. In the
plane, dr = dx% + dyy, and A = A& + A,y. Rewriting Stoke’s theorem:

[ (% o)
ﬁ(Azdx—i—Aydy)—/( D oy dx dy

Now let us compare the left side of this equation to the line integrals that we have. We see that if
we choose A; = u and Ay = —v, we have a perfect mapping for the real line integral. On the right
side of Stoke’s theorem, we will have:

Now applying Stoke’s theorem:

Now we note that by the Cauchy-Riemann conditions (1.1), this right integral is 0, and therefore the
line integral is also 0. For the imaginary line integral, we see that again, by the Cauchy-Riemann
conditions (1.1), Stoke’s theorem tells us that the integral will be 0. Thus we have that both line
integrals will be 0, and thus the integral over the closed contour C' is 0. Note that the requirement
that the domain be simply connected is in place because Stoke’s theorem requires the existence of
the partial derivatives of u and v. O
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We wanted to find out whether the line integral between two points is independent of the path
chosen:

f(x)dz= [ [(2)dz
C1 Co

This is implied by Cauchy’s theorem, since we can form a closed path by following C to B, and
then the inverse of Cs back to A. The integral over this closed contour must be 0, and therefore the
two integrals must be equal and opposite. Thus the original line integrals must be equivalent.

Because of Cauchy’s theorem , we can actually treat integrals as functions:

z
| f@a=F@
a
This is a function of only z, since it is independent of the path that we choose from point a to z.

Cauchy’s Integral Formula

Cauchy’s integral formula is a theorem that allows us to obtain the value of an analytic function
anywhere inside a simply connected domain, as long as we know its value everywhere on the
boundary of the domain. This is incredibly powerful, and is due to the fact that f(z) = u + iv,
where u and v are both solutions of Laplace’s equation.

Theorem 1.5. Cauchy’s Integral Formula. If f (z) is analytic in a simply connected domain D,
then for any point z = a in D and any closed path C in D which encloses the point a:

(2) dz =2mif (a)

cr—a

Where the integration is taken in the counter-clockwise sense.

Proof. Let us define ¢ (z) = 1G)  This is analytic everywhere in D except z = a. What we want to

evaluate is: -
§£¢ (z) dz

This does not immediately integrate to 0 because of the fact that the function is not analytic at
2z = a. Consider a new contour inside C, C’, which is an arbitrarily small circle around z = a.
We now introduce a “cut”, that joins C and C’. This closed contour essentially cuts out z = a, it
contains all the points other than z = a. Thus, ¢ (z) is completely analytic in this region. Note that
the cut goes around z = a in a clockwise manner.

For this new contour,
¢ (2)dz=0
CDCW

by Cauchy’s theorem (1.4). Now we note that the net contributions of the cuts that connect C' to
C' vanish as we make them infinitely close to each other. What we are left with is the contribution
from the outer contour and the contribution from the circle around z = a:

y§¢(z)dz+ ¢(z) dz=0
C c’
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Note that the integral around C' is counterclockwise, and the integral around C’ is clockwise. Thus
we have that

b o dz=¢ o) ds
C c’

Where we have now made the integral around C’ go counterclockwise, which cancels out the negative
that is introduced. Now let us attempt to compute the right integral. The equation for a circle
centered at z = a of radius p is given by

z—a=pet
And thus |z — a| = p. We can compute the integral:

(2) 4,
cr2—a
2w P .y
= J;éié)) (zpe 0 d@)
2w

=1 f(z)do
0

¢ (2) dz =
Cl

Now we take the radius of the circle to be infinitely small, which allows us to replace f (z) with

f(a):

Laurent Series

Theorem 1.6. Laurent‘s Theorem. Let Cy and Cy be two circles centered at zy. Let f(z) be
analytic in the region R between the circles. Then f(z) can be expanded in a series of the form
(denoted a Laurent Series)

Principal Part

f(z):ao+al(2Zo)+a2(2Zo)2+-..+(zi120)+(Z_bQZO)2+...

Taylor Series

This series converges and represents f (z) in the open annulus obtained from the given annulus by
continuously increasing the circle Cy (the outer boundary) and decreasing Cy (the inner boundary)
until each of the two circles reaches a point where f (z) is singular.

Essentially, this is a Taylor series that contains the negative powers as well. We can increase the
size of the annulus as much as we want, as long as neither of the boundaries pass through a singular
point.

Note that if f (2) is analytic at z = 29, we find that in the region that contains zp, the principal
part of the series vanishes.
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We also state a related property:

55 dz _J2mi ifn=1 (3)
(z—2)" |0  otherwise

Using this result, we can determine the coefficients of the series:

1 f(2)

ap = 2m7§(2 = zo)nH dz
_ b f(2)

bn - 27i ¢ (Z _ zo)_n+1 dz

This is generally not the way that the Laurent series is found in practice.

1/z

Let us do a couple of examples. Consider the function f (z) = z2¢!/#. Find the Laurent series of

f (#) centered at z = 0.

First we note that the function is not analytic at z = 0, due to the el/% and thus z = 0 is a sinular
point. This implies that the principal part of the Laurent series will not vanish.

Using the fact that

2 3
- z z
=1 —+ =+
e +z+2+3!+

We can write out f (2):

1 11+11+
z 222 313 7
11

N
B 2 "3l

22ell? = 22 |1 +

This converges for Vz such that |z| > 0, everywhere except for the point we are expanding about.
Let us do another example. What is the Laurent series of f (z) = ﬁ centered at z = 17

Immediately we see that the function has singularities at z = +1, and if we are centered at z = 1,
we have 2 Laurent series. We have a circle centered at z = 1, and it passes through z = —1. Inside
the circle we have 1 Laurent series, and outside the circle we have another. We can rewrite f (2):

1 1 1
1—22 1—21+4+2
1 1
z—1z+1

Now we note that we are looking for a series in powers of z — 1, so all we have to do is to expand

. .
747 In powers of z — 1:
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We do this so we can exploit the binomial expansion:

1 nin-+1
<1+@":1‘”+<2)f*“~

Which has the condition that |x| < 1. Applying this, in the case where ‘251 ‘ < 1, which is the same
as |z — z| < 2, we can expand binomially:

g ( 1)n(z—1)”
z+1 24 2
o0 n
(=1
— Z TES] (z—=1)"
n=0
Now tacking on the ——1; to recover f (2):
1 1 - (_1)n n
=2~ s-12 gt G
n=0
0 n+1
(=1 1
= Z on+1 (Z o 1)"
n=0

This is the the Laurent series inside the circle (because the binomial expansion happens to impose

that condition). To find the Laurent series outside the circle, we return to the rewritten form of
1.
1+2z

1 1
Coz—1]14+ -2

z—1

We see that we can expand out the second term binomially, which imposes the condition that
|z — 1| > 2, which is exactly the condition that we want, z that is outside of the circle.

1iz:zi1§:(_1)n<zil>n

n=0
o 2n
n:O( ) (Z - 1)n+1
We can now add back in the ﬁ :
1 & A
2) = — -1

_OO _1\n+l 2"
SLT oy

Giving us the second Laurent series for f (z).
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Let us now look at another function. Consider f(z) = m We want to find all of the
Laurent series of this function, centered at z = 0.

To begin, we find the singular points of f (z). We have 3 singular points, z = 0,2, —1. We expect to
have 3 Laurent series, one valid in the regime where |z| < 1, another between 1 < |z| < 2, and a
third outside, |z| > 2.

We can rewrite the function:

12
z2(2=2)(1+2)
:1[$}

z1l(2=2)(1+42)

We want to expand the contents of the brackets in terms of powers of z, since we are centered at
z = 0. To do this, we use partial fraction decomposition:

@_zﬁlmﬂ[ziz*liz}

Now we can expand each of the two separate partial fractions as binomial series. In the case where
|z| <1, we can write out 1/ (1 + 2):

And we can write out 1/ (2 — z):

[NCRIRS
\_/

Thus, for |2| < 1:

SIS

PR

n=0
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And we can expand 1/ (2 — 2):

n=0
>-2
= |
n=0 z

Putting these together:

O =10 e+ 3 - |

z n=0 n=0
4| 1
= [Z —[=2" = (=1)"] prn)

n=0

Now we only have the intermediate region left. We did it in this particular order because we can use
one expansion from each of the two regions that we have already done (based on the valid region of
each expansion). For 1 < |z| < 2, we have

= Z Zn—i—l
"
— nZ::O on+l

Putting these two together:

[e's] 00 n

z
Z zn+1 Z%) W

n=0

Nux

Thus we have found all 3 Laurent series for the function.

By looking at the principal part of the Laurent series, we can state some more definitions. If a
single term in the principal part is nonzero, and the rest are zero, suppose the order nth term, then
f (2) is said to have a pole of order n at zy. If n =1, it is denoted a simple pole.

If all of the b,s vanish, then f(z) is analytic at z9. If an infinite number of the b,s are nonzero,
then we say that f (z) has an essential singularity at z = 2.

The coefficient b; is known as the residue of f (z) at 2.

Theorem 1.7. Liouville‘’s Theorem. If f (z) is analytic and bounded in absolute value for all z in
the complex plane, then it must be a constant.
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Before we begin the proof, we introduce some statements that are useful:
|ab] = |al[b]
To prove this statement, we note that a = |ale??, and b = |b|e’®. From this, we immediately find that
ab = |a|ble’ )
And therefore |ab| = |a||b|.
The second useful property is that

|a+ 0] < a + 0]

Proof. Assume that |f (z)| is bounded, so that |f (z)| < M for all z. Since f (z) is analytic, by
Laurent’s theorem (1.6) it can be expanded: f(z) = >.o2;an2". Note that we don’t have negative
powers of n because the function is analytic everywhere. Now using (3):

1),

T 2w Jo 2ntl

The contour in this case is a circle of radius R centered at the origin. Now we take the absolute
value of both sides:

f(z)

lanl =55 P, e dz‘
RENYYE
2| | Jo 2™t

Now imagine we break up the integral into an infinite sum over the path elements m:

Z f n+1 Zm

\an] 2mi

Now noting that |a + b| < |a| + |b|, we have that (working in the limit where m — 0)
o % poll=e]
Z |‘£ TZLH | Azm]
Recall that we are travelling around a circle of radius R, so at every point on the contour, |z,,| = R
oa) < 5 3 i

As we move around the circle, at some point, f (z,,) will take on a maximum value. Thus this
statement must be less than the case where every point is the maximum value:

|f max
3 2 Lt

IN
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1 |max
< 27 Rn+1 Z Az
Now noting that >, |Azy,| = 27R:

1 |f (2) [max
2 Rn+1

1£ (2) Imax
RTL

lan| < o~ (27 R)

<
Now since we assumed that f (z) was bounded by M, |f (2) |max must be less than M:

‘an’ < Rn
Now consider taking the limit as R — oco. We see that this forces |ay| to 0 for n > 0, and since the
coefficients of the expansion other than ag are 0, the function must be constant. ]

Residue Theorem

Theorem 1.8. Residue Theorem. Let zy be an isolated singular point of f (z). Consider the value
of 450 ) dz around a simple closed curve C' surrounding zy, but enclosing no other singularities.
Let f (2 ) be expanded in a Laurent series about z = zg so that it converges near z = zy.

b1 by

f(Z):a0+a1(2—20)+"'+z_20—|-(Z_ZD)Q+...

The terms of the “a series” do not contribute to the integral, because they are analytic by Cauchy’s
theorem (1.4). By (3), the only one of the terms in the “b series” that contributes is the order 1
term:

yg f(z) dz = 2miby
C

Now consider the situation where the contour contains several isolated singularities, not just one.
In this case, we can draw contours around each singularity, and then use the same trick that we
did for Cauchy’s Integral Formula, and we introduce slices that merge all of the contours. The
contributions of the slices cancel. We are left with the sum of all of the residues inside the region:

¢ f(2) dz = 2mi[sum of residues inside C]
C

Let‘s do an example. Consider the function f (z) = 522, We want to integrate this function around

the unit circle going counter-clockwise.

We can first write this as a Laurent series around the origin:

sinz_l 23 20
i e T
1 11 =z



Hersh Kumar

PHYS610 Lecture Notes Page 19

The only singularity of f(z) is at z = 0, and the residue is —%. By the residue theorem (1.8):

i 1
35 SHZZ dz = 273 (—7>
C z 6

o
3
Now let us consider the function f (z) = i{f’z around the circle |z| = 2.

The function has singularities at z = 0 and z = 1. First, we note that both singularities are inside
the contour, and thus are both important.

Near z = 0:
4 — 3z

f(z):m

4
~ —— 4+ smooth
z

From this, we have that the residue of f (z) near z =0 is —4.

Similarly, near z = 1:

4 -3z
f(Z)_Z(Z—l)
+1

~ " + smooth

And we see that the residue of f (z) near z =1 is +1.

Now applying the residue theorem (1.8):

4-3
y§ % 4z = 2mi 4+ 1]
ze —Z

= —6m

Now consider the integral:

2 1
I = —df
/0 5+ 4cosd

This integral requires a difficult substitution (tan g), so instead, let us change variables to a complex
variable, z = €. When 6 goes from 0 to 27, our angle goes around the unit circle. Computing the
change of variables:

dz = ie"

=iz df

From this, we have that df = %% Using Euler’s formula, we have that

1 1
COSQZ*(Z‘F*)
2 z
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Now rewriting the integral:

1 1
unit circle O + 2 (Z =+ ;) tz

_155 1
i) 22245242

1 dz
:¢?§(22+1)(z+2)

This function has poles at z = —2 and z = —%. We note the pole at z = —2 does not contribute, it
is outside the contour. Thus, by the residue theorem (1.8), we just need the residue at z = —1

5 SO
we consider the function near —%:

Thus we have a residue of % By the residue theorem (1.8):

=)ol

3

Let‘s do another example. Consider the integral:

0
d
I:/ 71‘2
—ool+x

This is a standard integral, I = arctan (z) }iooo: w. However, let us do this for illustrative purposes.

How do we map this integral into the complex plane? Consider the complex line integral

L |
lim/ 5
p=oo |, 1+ 2

Where the path is along the real line, so the two integrals are identical. Note that this is not a
closed line integral, and therefore we cannot apply the residue theorem directly.

Now consider a circle of radius p, centered at the origin. The points of this circle that lie on the
real axis are z = —p and z = p. Consider the closed contour that starts at —p, travels along the
real line, and then follows the upper semicircle to end up at —p.

Now let us integrate the function around this new closed contour:

55 dz
1422

Note that we can now apply the residue theorem.

The point of this is to note that the contour integral is made up of two parts, the real axis
contributions, and the contributions from the semicircle. What we will show is that the contributions
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of the integral along the semicircle vanish, and we will be left with just the integral along the real
axis, which is what we wanted.

1

The function has simple poles at z = +4¢. Only one of these poles is in the contour that we

1422
care about, z = +i. Near z = +1:
Jlz 4= —
z 1) = ——
1+ 22
11
T 2iz—i

And so we have a residue of ;. By the residue theorem (1.8):

oty -on(l)
1+22 “™\9

=T

Now we need to argue that the contributions on the semicircle vanish. We can separate out the

integral:
yg dz / dz +/ dz
1 + Z2 B real 1 + 22 semicircle 1 + 22

™ 1

To evaluate the contributions on the semicircle, consider z = pe®®, with constant p, and § = 0 — .
In this case, dz = ipe'? df = iz df. This turns the semicircle integral into:

/ dz o /7r ipeia 4o
semicircle 1 + 22 Jo 1+ p2e2®

Now consider the absolute value of both sides:
/ ™ ipe’ df
o 1+ p2e2i

/ dz
2
semicircle 1+z

Looking at the right side, and using similar logic as in our proof of Liouville‘s theorem:

T i9d9 T iei&
[ < [ o
o lL+4pZe o 1+ p*e*|

As p — o0, the integrand scales like
/ ™ ipe’ df
o 1+ p2e2if

And thus the contribution of the integral along the semicircle vanish as we approach the infinite
bounds.

=

< -7

1
p
—0as p— o0

Let us consider another example. Suppose we want to evaluate the integral

o0
I:/ CcoS T o
0 1+CC2
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First, we note that the integrand is even, so we can write it as half of the integral over the entire
real line:

1 o0
[ / cos x2 dx
2 /) _ol+2
Now using the same technique as the previous problem:
1 COos 2
1= d
2 /C 1+.2%

Where C is the entire real line. Now we note that we can rewrite the integral as the real part of a

complex integral:
1 1z
I=Re|= / 4z
2 C 1 + 22

Now we create a closed contour like we did in the previous example, creating a semicircle in the
upper half of the complex plane. We now are evaluating the integral:

1 1z
55 € dz
27 1422

We first find the singularities of this function, which are z = 4i. Only one of these poles is in the
contour, z = +4. We can compute the residue at that pole, by seeing what happens near z = +i:

1 et
22i(z — i)

Which gives us residue Hl‘e' This gives us, by the Residue Theorem (1.8):

1?5 et® d_7r
2P 1+ 2% 2

Now we have to show that the contribution of the semicircle contour vanishes. Looking at the
integrand, suppose we have z = pe® = pcos 6 + psin 6, where p — co. We can rewrite the integrand:

etz etp cos Ge—p sin 0

1422 14 22

In the entire half plane, 6 is between 0 and 7, and sin is therefore positive, so e ?5m¢ — 0 as
p — 00. Thus we have that the integral of the semicircle contour vanishes.

Note that if we looked at the lower half plane, sin # would be negative, and thus the contour would
blow up. If we really wanted to use the lower half plane, we could have written the integral as the
real part of the integral of e %%, which produces the same result but would cause the lower semicircle
contour to vanish.

Now let us consider another example. Suppose we have the integral

00 T‘p_l
I:/ dr
0 1+'I"
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Where p € (0,1).

Turning this into a complex integral:

p—1
I:/Z dz
Cl—l-Z

Where C' is the positive real line. Note that since we have a fractional power of z, there is no way of
having this be single-valued. We write z = Re® so 21 = RP~1e®®—1)_ If we go around § — 0+ 2,
2P~1 becomes RP~1e?(P—1)¢i27(P—1)  This is the expected phase that gives us a multi-valued function.
2P~ has a branch cut, which we take along the positive z axis.

We are integrating along 8 = 0, the positive real axis. Now we want to choose the contour that we
are integrating along. We choose the contour that integrates around everything except the branch
cut (a Pacman shape that avoids the branch cut). We will show that the contribution from the
circle vanishes, and the contribution from the integral we want, and neither does its analogue below
the branch cut.

We can write out the integral along the circle:

Rp—lew(p—l) o
Kircle 1+ Ret? fee <Z da)

Now if we take the absolute value of the integrand:

/circle

We see that |Rp_1} — 0 as R — 0o, and thus the integral over the circle contour vanishes.

RpP—1,i0(p—1)

10
1y Rer ¢

(i do)

Now let us consider the section of the contour that we are trying to evaluate. We have that 6 = 0,
and we have the integral:
00 7,p—l
/ dr
0 147r

Along the contour from oo to 0 along the real axis from underneath the branch cut, we have that
0 = 2, so z = re"(?™ | so this gives the integral:

0 (r€27ri)p_1 00 .p—1,2mip
0o 1 +7r 0 1 +7r
-1
= —627m'p /OO rp dT
0 1 + T

The total contribution from the two sections along the branch cut is given by

oo .p—1
_ 2mip r
1—e }/0 1+rdr

~————

1

Where we see that we can extract the value of the integral that we are trying to compute.
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Since the whole thing is a closed contour, we can evaluate the total integral using the residue
theorem, and then solve for the value of I.

We want to compute

2P~
d
551—1-2 ®

We see that we have a simple pole at z = —1, which is inside the contour that we are integrating
around. We can rewrite z = —1 as e'™. Computing the residue around z = —1, we see that
Lp—1 eiTF(p—l)

%
142 142

So we have a residue of ¢/™P~1). By the Residue Theorem (1.8):

Zp—1 .
7§ dz = —2mie'™
1+ 2

Thus we have that

. ) oo ,.p—1
—2mie’™P = [1 — GQMP} / r dr
0 1 +r
I
T
I =
sin (7p)

Consider the integral:

For a € (0,1).

If we change z to z, the denominator would be 14 e?. Let us consider what the poles would be. We
would have poles at z = +im, 7i (37), i (57),.... We see that we have an infinite number of poles.
To avoid this problem, we choose the contour that forms a rectangle in the upper complex plane,
with height 27. The base and top of the rectangle extend out from —oo to oo.

We will show that the contribution from the sides vanishes. The left side ranges from z = (—R, 0)
to z = (—R, 2mi), and the right side ranges from z = (R,0) to z = (R, 2mi), and we take the limit
as R — oco. We can split up the contour integral that we claim remains:

e0z R 0T R 0T )
55 dz = lim / dx — / — Ay
1+ e R—oo | J_pl4e® _rl+4e*

Real Axis Top Contour

Where the €™ is the overall phase that is picked up on the upper line parallel to the real axis.
Pulling the phase out, we have that

0% o 0o ax
dz = (1 — i d
§£1+ez e=(1-e )/001+el‘ v

—_——
1
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We see that we can again extract the value of the integral that we want to compute.

Let us now compute the contour integral using the Residue theorem. We have 1 pole in the contour,
z = +imw. Looking at the denominator, we have

14+ e =1 + eZ*’L'ﬂ'eiﬂ

1 _ ez+z’7r

1
:—(z—iﬂ')—i(z—iﬂ)Q—l—...
Near z = im, the integrand is:
9% ea(iﬂ)
l+er —(z—im)

Which gives residue —e'™. By the Residue Theorem (1.8):

eaz .
yg dz = 2mie'™®

1+ e?
) 0 aw )
(1 — 627”‘1) / - dx = 2mi (e”m)
—eo 1 +e
—_——
I
T

j

sin (7a)

Now let us return to the sides of the contour. Consider the absolute value of the integrand along
the right side:

eaz

1+ e?

eazeaE
z=R+i0 SV (A +er)(1+€) |z=R+i6r

e2aR
V1 +eB(2cos6) + 2B
In the limit of R — oo, this is dominated by eQR(%a), which vanishes.

Looking at the absolute value of the left side integral:

az

€ eazeaE
‘ 1 + e? z=—R+i0 B (]. + ez) (]_ _|_ 62) |Z:*R+19

672aR

B \/1 +e R (2cos60) + e 20

Once again taking the R — oo limit, we have vVe~2¢  which vanishes. Thus, the integral along
both side contours vanishes, and our result is correct.

Note that the solution to this problem is very similar to the solution to the previous integral. What
we can show is that there is a change of variables that can be used to map the two integrals into
each other. If we set e = r, then e dx = dr, and so we can insert this into the integral:

[e ] ax o0 x\a
/ ¢ wd:U:/ (e)xdm
o l+e o l+e
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_/oo ra @
- 0 1+?”7“
oo ,a—1
:/ 4 dr
0 1+7’

We see that through a simple substitution, we can map the two problems into each other.

I_/Oo sinxdx
o T

Consider the region on the real line bounded by x = —e and x = . We will show that as we take
the limit ¢ — 0, the contribution by the bounded region will be —1. Let us consider the integral of

just the bounded region:
¢ sinx € 2 2t
/6 . dmz/e{l—g!—km—i-...}dx

Where we have expanded the sin as a Taylor series. We note that this integral is equal to 2e + O (62).
We see that the contribution from points near x = 0 vanishes as ¢ — 0. We can then consider the
original integral, and cut out the region that we know vanishes:

/°° Sinxd:c:lim {/6 sinxd$+/°° sin:zdx}
oo X —0l)_ o @ . T

Consider the following contour integral:

Consider the integral

1z
g
c
Where the contour is a half-annulus centered around the origin with outer radius R and inner radius
e. This is essentially a semicircle with the e bounded region cut out. We see that the imaginary
contribution to this integral along the real line is exactly the remaining portion of the integral that
we wish to solve. Note that, by the Residue Theorem (1.8), there are no poles inside the contour
and therefore the total integral is 0. We will show that the outer circle contribution vanishes, and
thus the integral over the real line and the integral over the inner semicircle must sum to zero. We
will compute the inner semicircle integral, and then we will immediately know the contribution of
the section along the real line.

To show that the outer circle contribution vanishes, write z = Re?, and note that for an upper
semicircle, 6 € (0, 7]. We can write out the function:

etz ezR cos Ge—RsmG

z Ret
And we note that e %51 5 0 as R — oo, and thus the contribution vanishes.
Now we have to compute the inner circle contribution. On this semicircle, we have that z = ee®,
where 6 starts at 7, and goes to 0.

10

/ejdz :/ﬂo 6669 (iec™) db
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= —im

Now let us put it all together. We know by the Residue theorem that

ez’z
—dz =0
C z
And we know that the outer semicircle has no contribution. We know that the inner semicircle

contribution exactly opposite to the real line contribution, and we computed it to be —im, thus:
—€ oiz R elz
/ dz+/ —dz = — (—in)
—R z € yA
=T
Where we take the limits € — 0 and R — oo.

Now recall that to obtain the original integral, we care about the imaginary component of this, and

thus we have that
* sinx
/ de=m
o

Is there a way of setting this problem up by closing the contour in the lower half plane? This can
be done by choosing e™** instead of e*?.

Principal Value of an Integral

Consider the scenario in which the path of integration actually passes through a singularity in the
integrand. In this case, strictly speaking, the integral does not exist. To give it meaning, one must
choose a path that circumvents the singularity. How this path is chosen depends on the physics of
the problem. The value of the integral then depends on the choice of path.

Consider an integral with a simple pole on the real axis:
o
x
[* L,
—o00 L — X0
with xo on the real axis, and f (z) analytic at x = xg.

One possible deformation of the path is the upper semicircle of radius €, denoted Cs. We can then
split the integral into 3 integrals, one before the semicircle, the semicircle, and the real axis after the
semicircle. We denote the principal value of the integral to be the contribution from the segments
that are not the semicircle, we throw away the contribution due to the semicircle:

A 1 T

The semicircle integral can be evaluated in the limit e — O:

lim (2) dz = —imf (x0)

e—0 rs 2~ 0
Note that if we chose the semicircle that goes below the real axis, we have the same integral, but
with a different sign. We see that the value of the integral depends on the path, which must be
chosen on physical considerations.
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Mapping

A continuous real function y = f (z) of a real variable x can be exhibited by plotting a curve in the
zy plane. This is called a graph.

In the case of a complex function:

w=f(2)=u(z,y)+v(x,vy)

The situation is more complicated because both w and z are represent geometrically by points
in the complex plane. This suggests the use of two separate complex plane for the two variables.
There is a complex plane for z and y, denoted the z plane, and there is a complex plane for the
corresponding point w = f (z), denoted the w plane. Complex functions map points on the z plane
to points on the w plane. The point w = f (2¢) corresponding to the point zj is called the image
of zp under the transformation f (z). The correspondence between a point in the z plane and its
image is called a mapping.

Let us consider some simple mappings. Consider the translation:
f(z)=z+z
In terms of x and y:
T — T+ x
Y=Yty
Every point in the z plane is shifted by some constant amount.

Consider a rotation:
f(2) = zz2
Where |zp| = 1. This corresponds to rotation by an angle ¢ = arg(zg). In polar form:

f (mw) — peifto

Now consider the case where zg € R, and zg > 0. In this case, this transformation is a rescaling.
For general zp, we have a combination of a rotation and a rescaling.
Now consider the mapping w = f (z) = 2z2. Writing this out in polar form:

0

2 =re? 5 w=Re?

We find that R = 72, and ¢ = 26.

Taking 0 < 6 < 27, we see that the upper half of the z plane maps onto the entire w plane. The
lower half of the z plane also maps onto the entire w plane. The points e’ and re*™ map to the
same point on the w plane. We denote this by saying that the w plane is covered twice by the image
of the z plane.

We can imagine this as two copies of the w plane placed on top of each other, so that the upper
sheet is the image of the upper half z plane, and the lower sheet is the image of the lower half of
the z plane. As we pass from the upper half of the z plane to the lower half, the image point pass
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from the upper sheet to the lower sheet. This configuration is called a Riemann surface. Mapping
on to this Riemann surface is one-to-one.

Consider the mapping of inversion:

Writing z = re’? and w = Re’®, we find that R = % and ¢ = —6.

P
This mapping w = % maps every circle or straight line onto a circle or straight line. To see this,

note that every circle or straight line in the z plane can be written as
Az +y*)+Bz+Cy+D=0

where all coefficients are real. Written in terms of z and Z:

B C
A(z§)+5(z+§)—|—27(z—§)+D:0

1
z

=

Now we apply the mapping, w = =, W =

B
A+§(w+@)+—%(w—ﬁ)+Dw@:O

Now let w = v + v, and w = u — tv. We can rewrite what we have as
A+ Bu—Cv+D (u*+v%) =0

Which is of the same form as what we started with, and thus we have either a circle or straight line.
What is the condition for us to map to a straight line? If D =0 and A = 0, then we have a straight
line, so a straight line passing through the origin maps through a straight line through the origin.

Also note that a circle that passes through the origin in the z plane will be mapped to a straight
line passing through the origin.
Method of Steepest Descent

This is a method of approximating complex line integrals'. We first illustrate the central idea by
considering the integral of a real function. We want to look for an approximation to the gamma
function I' (z + 1) when x is large, positive, and real. We begin from the definition:

oo
Mz+1) = / t"e~tdt
0
If we plot the integrand as a function of ¢, we see that we have a peak around ¢ = z, and the peak

gets sharper as x increases. We approximate that the bulk of the contribution to the integral is
given by the value at the peak.

IThis is covered in Mathews and Walker, as well as Arfken
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We can first show that it indeed has a peak at ¢ = x. Let us denote the integrand g (¢). We can find
the maximum of g (¢):

d, . _
%(tet)zo

We can solve this, and we find that the peak tg is found at . We approximate the integrand as:
g(t)=el

Where f (t) = xlogt —t. We can now compute derivatives of f (¢):

d x
gf(t):;_l
d? T
! ="n

Now Taylor expanding f () about ¢t = x:

11 )

f(t):(:cloga:—x)—ig(t—x) +...

We can thus approximate the integral as

& 1
I’(x—}—l)w/ exp{$logm—x—(t—:ﬂ)2 dt
0 2x

> 1 2
~ ezlogm—w/ e—ﬂ(t—:p) dt
0
> 1 2
s ezlogmx/ efﬂ(tf:r) dt
—00

Where we have increased the bounds to the real numbers by noting that the contribution from
—oo — 0 produces negligible effects on the integral. The remaining integral is a standard Gaussian
integral:

[(z41)~x el /ony

=2nxxte "

This is the first term in Stirling’s formula:

Which is valid for large n.

Let us now consider the complex case, which is significantly more complicated. Usually, when we
apply the method of steepest descent, we are integrating a function of the form

I(s)= /Cg(z) e T3 dz

Where s is large and positive, and g and f are analytic functions. In the case where f (2) = u+iv, we
would expect most of the contribution to the integral to come from the region where u is maximized,
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because we have e*. However, the phase e could have either sign. We have to choose the contour
such that u is very large, but the phase picked up by v does not go negative.

Since f (z) is an analytic function, neither u nor v can have an extremum other than at a singularity:

f(z)=u+iv

If f(z) is analytic, V2u = V?v = 0, the two functions satisfy Laplace’s equation. Recall that
Laplace’s equation has no maxima or minima in a bounded region. Thus u and v have no maxima
in regions in which they are analytic. If there is a point where their derivatives are zero, the point
must be a saddle point. At the saddle point, we can approximate f (z) as:

F(2) = 1 (20) + 3" (z0) (2~ 20)°

Where z = zq is the location of the saddle point. We can write then write things as an absolute
value times a phase:

" (z0) = [ " (20)] €”
z— 29 = |z — zg| @
Where « controls the direction of z from z;. We can now break f (z) into the real and imaginary
parts:
1
u(z,y) ~ u(wo,yo) + 3 | £ (20)] |2 — 20|* cos (6 + 2av)
1 .
v (z,y) = v (w0, y0) + 3 | " (20)] |2 — 20| sin (6 + 2q)

We see that looking at u, the path of steepest descent is when cos (6 + 2a) = —1, which corresponds
to a = —g + 7. Along these directions, sin (¢ + 2a) is a constant, so the oscillatory factor in the
integral will not cause any problems.

We choose the contour between two points A and B such that the contour passes over the saddle
point, along the path of steepest descent. this will give us a maximum of v (x,y), and minimal
cancellations from v (z,y).

We write z = zg + le'®, where [ is real and positive. The integral can be written as
I(s)= / g (20 + lem) exp [sf (20 + lem)] e dl

Now Taylor expanding:

. 1 .
f(z20+1€%) = f(20) + 5 f"(20) 22
2 -
|f" (z0) et

g (20 + 1) =g (20) + ...

Assuming that g (z) is slowly varying around zy, we can approximate the integral as

I (S) ~g (Zo) esf(zo) / e*%\fﬂ(zo)\lzsem dl
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Since the integrand falls away very quickly away from zp, we can replace the limits on [ with —oo to
0o. This produces a standard Gaussian integral:

1 (s) ~ Y279 (20) 0
s|f"(20)

Note that we have a dependence on «, which is equal to

0 =«
a=——+—

2 2

where the sign is determined by the direction in which we traverse the saddle point, and 6 is the
phase of the second derivative f” (zp).

Let us consider some examples.

The gamma function can be analytically continued for complex values:
o
I'(z+1) = / e HF dt Re(z) > —1
0

where the integral is along the real line. If we write z = se’’, we want an approximation for T (2)
when s > 1.

Let us look at the general form that we have derived an approximation for:
I(s)= /g(z) e @) dz

Naively, we can make the mapping g (z) = e~ %, and f(z) = e®1n z. However, we want a place
where f’(z) = 0, and our choice of f(z) has no saddle point. Thus we have to make a different
choice.

To do so, we rewrite the integral:

[ee]
F'(z+1) :/ e*nt=t gy
0

— /OO es[ewlnt—é] dt
0

This is of the form [;° eI dt, with f (t) = e PInt — L. We see that with this choice, g (2) = 1.

We can compute the derivatives of f (¢):

, e 1

=5
8
=-S5

Setting f’ (t) = 0, we find that ¢ty = se’® = z, and thus at ¢ = to:

f(to) = s [lnz—1]
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And we can compute the second derivative:

f// (tO) _ _;

= —e
52

Thus we see that | f” (to)]

w2, and 0 = 7 — 3. We can then compute o
T— 0 T
- _ + -
“ < 2 ) 2
Which gives us a = g or a = g — 7. Now applying the general formula:

() = Y2mg ) e Tt
VAT

From this, we have that

I'(z+1)~ V2rsesle” =] gia
s \/%e[zlnzfz]eia

Now we have to choose which « to use, which determines the sign. Consider the case where g = 0.
We expect to get a positive approximation for I' (z + 1), and thus we must pick the « that produces
a positive result. We see that e¢?® = 41, while e¥" = —1. Thus we must choose o = g:

i8
[(z+ 1)~ V2rselrM# ey

= \/27rz(z+%)e_z

Let us do an example. Consider the Hankel function of the first kind, which can be represented by
the contour integral:

HO (5) = 1/ es(:-1) 1

ZV+1

dz

where € — 0. Since this function has a branch cut on the entire negative real line, the integral
bounds represent a line that is just above 0, and going all the way to negative infinity.

This integral is in the standard form for our steepest descent approximation:

- ZV+1

10=5 (-3

Taking derivatives:
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We see that zg is ¢ or —i. We use the contour that passes through the upper point, +i¢, and then
goes to —oo from above the real axis.

At z =41, f(20) =i = €2, and f” (z) = —i = e~'2. Note that the argument of z must be between

—m and 7 in order to avoid the branch cut. We see that § = —7, and thus
T m
oa=——=+—
2 2
And so a = %Tﬂ or —7. By inspecting the contour, we see that o = ??Tﬂ must be the correct choice.

We can then write out the result of the approximation:

HO (5) ~ [ 2 i(svE+T)
s

Analytic Continuation

Earlier, we discussed Cauchy’s Integral Formula (1.5), which told us that knowing the value of the
function on every point of a closed contour can give us the value inside the region. Is there a more
powerful statement? Suppose we have a large region, on which f (z) is analytic. If we know the
value of f (z) for some subcontour of this region, then we can actually determine f (z) everywhere
in the large region. In fact, it does not need to be a closed contour, if we know the value on a line
in the region, we can obtain the value of f (z) for the rest of the region.

We begin with the identity theorem, which claims that if two analytic functions are equal in a
subregion of a region, then they are equal across the entire region.

Theorem 1.9. Identity Theorem. Let fi(z) and fo(2) be two functions of z that are analytic in
a region D. If the two functions coincide in the neighborhood of a point zg in D or on the segment
of a curve lying in D, then they coincide throughout D.

Proof. The proof of the identity theorem is in two steps. First, we show that if a function f (z) is
analytic, the points where f (2) = 0 are isolated unless f (z) = 0 in the entire region.

From this, we consider the function f (z) = f1(z) — f2(z). Since the two functions are analytic,
then f (z) is analytic. Then we note that the zeros of this function (where f (2) = f2(z)) are not
isolated, and thus by the previous statement, f (z) = 0, and thus fi (z) = f2 (2) on the region.

Let us now prove our first statement. If a function f (z) = 0 at a point z = z, this point is called a
zero of f(z). A function is said to have a zero of order n at z = z if

df dn—l

%‘z:zoz ""’Wf (Z)|z:zo =0

f(20) =0,
but jz—nn f (z)| __ # 0. That is, the nth derivative is nonzero, and all lower order derivatives are
2=z0
Zero.

If f(2) has an nth order zero, the Taylor expansion of f (z) around z is given by

F(2)=an(z—20)" + ang1 (z— 20)" . .
=(z=20)" Y anyn (2 — 20)"

k=0
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— (2 - 20)"h(2)

Where h(z) = S50 anak (2 — 20)". Since h (z) is analytic and nonvanishing at z = zg, and since
h (z) is continuous, it is nonvanishing in some neighborhood of zy. Then f (z) is nonvanishing in
the neighborhood of zy. This implies that the zeros of f (z) are isolated. The only case where this
is not true is when all the derivatives of f (z) are zero, in which case the function is 0 everywhere.
Thus we have proven the first statement, and the second statement follows.

O

Consider a function that is analytic everywhere except for a branch cut. Suppose we only know
the value of the function in the neighborhood of a point zy. The claim is that, from the value of
f (2) in the region around zp, we have enough information to determine f (z) everywhere where the
function is analytic.

Suppose we want to find the value of f (z) at z = z{.. To do this, we draw a smooth line connecting
2p to 2(, making sure to never cross into a region in which f (z) is not analytic. We know the Taylor
expansion of f (z) around z = z:

FE) =3 a9 ()"
n=0

By Laurent’s theorem (1.6), this series is valid in the largest circle that can be drawn that does not
pass a singular point. However, if this largest possible circle does not contain z{, we must continue.
We pick another point zjon the curve we drew, and then do a Taylor series around that point, since
we now know the Taylor series around z;. We can then draw the largest circle for which this Taylor
series is valid, and then we can repeat this process of picking new points and finding circles for
which the Taylor expansions are valid, until we draw a circle that contains z,.

Let our largest circle be known as vy, we choose a point z; inside vy, and since f (z) is known inside
~0, we can determine the coefficients of the Taylor expansion of f (z) around z = z1, by computing
all of the derivatives:

FE =3l ()
n=0

This Taylor expansion is valid in the largest possible circle around z; that does not hit a singular
point, which we denote v;. We have now found the value of f (z) at some point that is in 7; but
not in 79. We then choose 25 in 1 but not in vy, and repeat the process of computing the Taylor
expansion and drawing the largest circle. We will eventually find a circle that contains z(,, providing
the value of f (z) at z = 2.

The process of determining the behaviour of an analytic function outside the region where it was
originally defined is called analytic continuation.

Consider the following situation. We have a region Di, and a partially overlapping region Ds. If
f1(z) is analytic in D1, fa(z) is analytic in Ds, and f1 (2) = f2 (2) in the region where D; and D,
overlap, the analytic continuation of f; into Do must be equal to Ds.

For example, consider the function f; (z) =1+ 2+ 22+ ... for |z| < 1, and the function fs (2) =
23+ + @)+ . validfor |2+ 4 < 1a
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These are geometric series, so they can be summed:

1
fl(z)zl_z for |z] <1
2
f2(2) = 2
1-3(=+3)
_ ! for z—l—1 <§
1z 2| "2

The circle |z| < 1 is surrounded by the circle given by !z + %‘ < %

We see that if we analytically continue f; (z) into the region for which fs (z) is defined, we get the
same result as if we used f3 (2).

Consider the function ¢ (x) = sinz, for —m < 2z < w. There is a unique analytical continuation of
this function into the complex plane. The continuation is just sin z. This is equal to sinz on the
real line, and it is analytic on the real line, and therefore is the unique analytic continuation.

Now consider

1
fl@)y=1+z+2>+... 0<<3

The analytic continuation of this is obtained by once again replacing x with z:
f)=14+z+22+... 0<|z|<1

1
1—2z

However, when we sum this geometric series, we see that we only have a singularity at z = 1. Other
than z = 1, the function is analytic everywhere. Thus, we can analytically continue the function to
a larger region than just the circle with radius 1.

Let us do an example. Consider the integral:

o0
rey = [T
oo T2 — a2 + e

Suppose we first want to evaluate this integral for a®> € R*, and then for a®> € R™. By promoting a?
to a complex variable, and analytically continuing I (a2) appropriately, we can show that results for
both cases are consistent.

We can first compute the real and positive case. The integrand is singular at z = —a + € and
z = a — i€, where £ = 5. If we examine the pole structure, we have a pole slightly above the
negative real axis, and a pole slightly below the positive real axis, corresponding to —a + i€ and
z = a—1é, respectively. We close the contour in the upper half plane, so only the pole at z = —a+ié
will contribute. From this contour, we will find that

2

For the case where a? is negative and real, we have a standard integral when ¢ — 0%:

&0 dz
1= 2 2| 1,
oo 22+ |a?] +ic
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1 2\ |
= —arctan | —
|a |a

—00
_ ™
lal

Now we want to see how these two are consistent with each other. If a? is treated as a complex
variable, we want to examine the singularity structure of 1 (a2). We note that if Im (az) < 0, then
1 (a2) is analytic. We can then write a? as:

a? = |af?e® —-1<0<0
From the first case, we found that [ (a2) = —%i for & = 0. We can then analytically continue this
into the region for —0 between 0 and —:
e
I(a®) =—-——
(@) = =T
_ e
B ]a!ei9/2
Setting # = —, which corresponds to a? = —|a|?, we find that
20N T
1) = = jgcorz
.
|al

Which agrees with what we computed manually.
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Classical Mechanics
Calculus of Variations

Calculus of variations is the calculation of extrema of quantities which can be expressed as an
integral.

For example, given two points on a plane, what is the shortest distance between them? Obviously,
the answer is a line connecting the two points, but how do we go about proving this?

First, let us consider the segment length of the path y (x) joining (z1,y1) to (z2,y2). The segment
length is given by

ds = +/dx? + dy?

dy)
Canie
+da:

We can define the length of the path as the integral over all path segments:

2
L:/ ds
1

T2
:/ V1+y?dr
1

We now want to minimize L with respect to y (z). Note that L is a functional, a function of a
function, L [y (x)].

Let us define yp (z) as the function that minimizes L. Now consider some more general y (x), which
is a small perturbation from yo () :

y = yo(z) +en ()

Where € < 1, and 7 (z) is some general function. Since yo (x) is the minimal path, then L[y (z)] <
L (y(x)), for any value of n and €. Let us consider the length for the new function:

Llyo (z) +en(x / L+ (yo +en')’
:/da: \/1+y62+2577’y6+(’)(62)

Y
— [y v+ [ s ﬁfy,? L0

Where we have expanded for small € and then used a binomial expansion. Rewriting the second
term as a total derivative:

Llyo +en] = /dx\/l—i—yéz dx\/% 0 (&)

o d y(/)
= Llyo (x —/ dre— | ————= |1
[ 0( )} o dﬂf [ /1+y62‘|
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Now we note that in order for the relationship between the length of ¥ and yg to be maintained, we
need the second term to go to zero, since € can take any sign, and therefore this term could push
the path length below the minimum path length of 19. Thus we have that

/“d _ W0 | par—o
z 4 \/1+y62

For all n (x). We can see that for this to be true for all n, we need the derivative term to be 0:

4l e |
dr | /14 y§
This implies that

Yo

Which then tells us that y{, must be a constant, and thus yo (z) is a line.

= const.

Let us do a similar process to derive the Euler-Lagrange equation.

Euler-Lagrange Equation

Consider some function .S, which is dependent on some functional f :
T9 ,
s= [ 1)y @) ] do
1

Where y (z1) = y1, and y (z2) = yo. Essentially, we are connecting two points in the plane. We
want to find the function f that extremizes S.

Once again, let y = yo () extremize S. Now consider y = yo () 4+ en (). We have the constraint
that

s

— =0
de

e=0

in order to maintain the fact that yg extremizes S. Let us now write S as a function of ¢:

S(e) = /dxf (yo +en, g +en', )
Expanding for small e:

df df
f(yo+enyo+en’,z) = f (yo,40, %) +en <d> el (d’)
Yy Yo, T Y

Y0,T

Now writing out the derivative %:

= (G) o G
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Now integrating the second term by parts (and noting that the extra term goes to zero because 7
has to be zero at the boundary):

== [ () -z ()
de "Nay) "z \dy
_ / i [df _ dﬂ
- May ™ dedy
Now noting that this must, by the constraints, be zero:

[aon[L- L)

dy dxdy
And once again, for this to be true for general n, we need the other part to be zero:

Which is the Euler-Lagrange equation.

Let us do an example, returning to our question about the shortest path between two points. In
this case, we had a length function:

T2
L—/ V1+y2dr
1

We see that L = f (y,y/,z) = v/1 + 3’2, which we can insert into the Euler-Lagrange equation:
A Y\,
dm /1 + y/2 -

From which we can once again conclude that 1/ is a constant, and therefore y must be a line.

The Brachistochrone

Given two points 1 and 2, in what shape should a track be built so that a particle released from
point 1 will reach point 2 in the smallest amount of time? This is the Brachistochrone (equal time)
problem, and is a classic example of the application of the Fuler-Lagrange equation. We want to
minimize the time:

T_ 2ds

/dxw

Where we have derived the velocity from energy conservation:

—mv? = mgy

2
=/29y
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Thus we have that our f that we will insert into Euler-Lagrange:

vy,

Computing the derivatives:

daf Y

dy' gy (1 +y7?)
df  1+/1+4y?

dy 2 \/agy3

Plugging this into the Euler-Lagrange equation:

1V dly’l_o
2 29y dr |29y (1+y?)
d Y V1ty?
df'«“[\/y(1+y’2)]+ 2/y3 -

Multiplying by y'/+/y (1 + y'?) :
y _dl_ v LY
1+ y2de | \/1+y? 292
& a1t ) -
dz

21492 2

y/2

1 +y12

— 1 =const-y

Since we are considering ¥y as a height, let us define y to be positive, and we then note that the left
side of the expression is negative. Thus, the constant on the right side must be negative, and by
dimensional analysis, it have units of one over length. For this reason, we denote the constant to be

_ﬁv where a is a positive length constant:
y”? 1
< 1= ——y
1 + y12 2@

Solving this equation for y':

Now trying to solve for y (z):

/dw:/dy 2ay*y

We now apply the ansatz y = a (1 — cos#) :

/dw-/d@ (asin0) 1 — cost
1+ cosd
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Now we write the sin # in terms of the half angle formula, and write the square root as a tangent

half angle formula:
/dm = /d&Qsin (0) cos (9> tang
2 2 2
L0
dr =2a [ df sin 3
/dmza/d@ (1 —cosb)

From this, we find that x = a (§ — sin6).
Thus, we have that x = a (6 — sinf), and y = a (1 — cos6).

If we consider this parametric function close to point 1, where x < a and y < a, we can expand:

L
G y=7
o 65[7)1/3

a

From this, we find that close to point 1:

9az? 1/3
y:( 2 >

We see that close to the first point, we have a very steep descent.

Consider a functional I (q1,q2,...,q1,G2,...,t). From this, we can use a similar process as the
single-variable case, we can derive a set of Euler-Lagrange equations:

oI _d <5‘f) _0
8(]1' dt aqZ a
Lagrangian Mechanics

The Lagrangian formulation of mechanics is an alternative to the Newtonian mechanics, and provides
two advantages. The first is that it works equally well in all coordinate systems. The second is that
it handles constrained systems easily, and unless desired, we can bypass the computation of the
forces of constraint.

Let us begin with unconstrained motion. Consider a single particle in 3 dimensions, moving

unconstrained under the action of a force F = —VU. The kinetic energy is given by T = %ma’c2 =

%m (:’U2 + %+ é2). By definition, the Lagrangian is given by the difference between the kinetic and

potential energy:

L=T-U

Computing the derivative with respect to a coordinate and its time derivative:

(2£)
ox/, Oz
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=F,

(55) =m
ox/) — "M

T

= Pz
From Newton’s second law, %pm = F,, and thus we have that

4 0Ly _oc
dt \oz/)_ ~— Oxi

Writing the same equation for any coordinate:

_i(@ﬁ)_ﬁ_@ﬁ _ 0
t \OL; 8$i_

Now, we make a crucial observation, this has the form of the Euler-Lagrange equation (4), obtained
by extremizing S = [’ 2 £ dt.

The action S will be stationary along the physical path between the endpoints (t1,x1,¥1,21) and
(t2, x2,Y2, 2z2). This is known as Hamilton’s Principle.

One advantage of the Lagrangian formalism is that it works for generalized coordinates, not just
Cartesian. If we switch from (z,y, z) ot some generalized (q1, g2, q3), as long as there is a one to one
mapping between the two coordinate systems, we can work in that coordinate system. This means
that we can choose the coordinate system that best suits the problem, rather than just working in
Cartesian.

We can write our Lagrangian as a function of our generalized coordinates:
L (xa Y, z, jjv yv Z) — L (Qu ql)

The action integral can then be written as

to
S - L(q“%) dt

t1

Consider two points in the Cartesian plane, (t1, 21,41, 21) and (t2, 22, y2, 22), and some path con-
necting the two of the points. At every point along the trajectory, the value of L is fixed. If we
switch coordinate systems, the value of the Lagrangian is invariant, since we define the Lagrangian
to be the same regardless of coordinate system. Thus, the value of the action for a given path must
be the same in either coordinate system, since we are integrating over the Lagrangian, which is
coordinate invariant. Thus the path that extremizes S will be the same across both coordinate
systems. For this reason, we can apply the Euler-Lagrange equations for generalized coordinates:

L ony,oe
t \9g; oq

We denote gg as the ith component of the generalized force, and denote 2 q. as the ¢th component
of the generahzed momentum. From this, we see that the Euler-Lagrange equation states that the
rate of change of generalized momentum is equal to the generalized force.
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Let us do an example. Consider a single particle in polar coordinates. This has kinetic energy given
by

T = 1mv2
2

Which can be derived by noting that » = ré,, and the velocity is given by

dr
v=—
dt
o 4 de,
=Tre T
" dt

This derivative term is nonzero. If we change r, the direction of é, does not change, so é, must only
depend on ¢. Thus, we can write the time derivative of the direction as:

dé,  dé,do

dt — d¢ dt

Cff;;‘ = €4, and thus we have that

Now we note that
v =7é, + roéy
Squaring this:
02 = 2 4 1232

We can now write out the Lagrangian:

L=T-U
= %m (7"2—1—7‘2@2)2) U (r,¢)

We have two Euler-Lagrange equations:

¢ (0£)_oc
dt \or/)  or
d o o OU
7 (mr) = mre¢* — o
. oUu
. 2_ _9Y
my — mro pe

7 is the radial acceleration, and rq52 is the centripetal acceleration. Together, the two of them

balance the radial force, —%—g.

Looking at the second Euler-Lagrange equation:

d (0L\ O
dt(aq's):ékb

d, . U
@ ") =55
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We see that mr2¢ is the angular momentum:

L=rxp
=17 X mv
:m(T X [fér—i-rd.)é(z)])

= mrge,

If the left side is the rate of change in the angular momentum, then the right side must be the
torque, which we can verify:

v, 1ou,
or er r 8¢e¢

The torque is defined as:

; <_‘97UA_137UA)
87“€T r(?cb%

Note that in this case, the generalized momentum was the angular momentum, and the generalized
force was the torque, which are both dimensionally different from the usual dimensions of momentum
and force.

Constrained Systems
Now let consider constrained systems.

Consider a simple pendulum. In this system, z and y are not independent, the length of the string
dictates that \/z2 + y2 = [. The system has only 1 degree of freedom, rather than 2. The most
convenient parameterization of this system to us the angle from the vertical, . If we know 6, we
can find z and y. A tremendous advantage of the Lagrangian formalism is that the Euler-Lagrange
equations apply directly, we do not need to factor in the constraints. We will show this to be true
later, but for now, let us assume it to be true.

We can write the kinetic energy:

= 1771120'2
2

The pendulum is under the influence of gravity:

U = mgl (1 — cosb)
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Where we have set the potential in the fully vertical position to be our zero point. We can now
write out the Lagrangian:

L=T-U

1 i
= 5m1292 —mgl (1 — cos @)

Now writing out the Euler-Lagrange equation for 0:

L (9L) oL
dt\9d/) 00
d

T (ml29) = mygl sin

6= —%sin@

Which is the equation of motion for a simple pendulum, and a small angle approximation recovers
simple harmonic motion.

Let us now discuss generalized coordinates for a constrained system. We say that the parameters
q1, 92, - - -, qn are generalized coordinates for a system of IV particles, « = 1,2,... N, with positions
T, if each position r, can be represented as a function of ¢y, ..., q,, and vice versa, we can represent
each ¢; as some function of r1,7rs,...,ry. The number of generalized coordinates n is the smallest
number that allows the system to be parameterized this way. For an unconstrained system of
particles in 3 dimensions, n = 3N. If the number of generalized coordinates is less than this, then
the system is constrained.

For example, consider a double pendulum, which has 4 coordinates, x1,y1, x2, y2. However, we can
condense this down to two coordinates, #; and 65, which uniquely determine x1, z2, y1, yo.

If we have a system that is time dependent, such as a pendulum hung inside a moving box, then we
can still represent the system using the generalized coordinate €, but there will be some dependence
on t. If a system can be represented using generalized coordinates with no dependence on t, then
the coordinates are natural coordinates.

The number of degrees of freedom is the number of ways the system can move from any given
initial configuration. In most simple examples, this is the same as the number of generalized
coordinates needed to describe the system. These systems are called holonomic. For an example
of a nonholonomic system, consider a plane, on which there is a groove, with a coin in the groove.
The coin can only forwards or backwards, giving us 1 degree of freedom. We have a generalized
coordinate, the angle relative to a chosen point on the rim of the coin, and the point contacting the
ground. However, consider a ball on a plane. This has two degrees of freedom, but if we want to pick
a reference point, we actually see that we need 3 generalized coordinates to specify a configuration
(Euler angles?).

Let us now discuss Lagrange’s equations for constrained systems. To keep things simple, let us
consider a single particle constrained to move on a two dimensional surface. We have two generalized
coordinates g; and gs, which fully describe the system. Let us assume that there are two kinds of
forces acting on the system. The first are the forces of constraint, which keep the particle on the
surface, and therefore do no work, and the second are all other forces, such as gravity, which can do
work. We denote the non constraint forces by F', and the constraint forces by Feonstr.:

F'total =F+ Fconstr.
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We assume that the non-constraint forces are the gradient of some potential:
F =-VU (r,t)
We write the Lagrangian of the system disregarding the constraints:
L=T-U

And we will show that this will be the correct prescription for dealing with constrained systems.

Consider two points, 71 and 79, through which the particle passes at times ¢; and o respectively.
Suppose the particle follows path r (¢), and we have a infinitely close “wrong” path, R (¢):

R(t)=7()+¢(t)

Where € (t) is zero at the endpoints, and is infinitesimal for all ¢.

We assume that both paths are constrained to the surface, and since they are infinitesimally close,
the vector that joins them, € (), must also lie on the surface. This is trivially true for a plane, and
due to the infinitesimal nature of the paths, this is true for all locally planar surfaces.

Now let us consider the action integral:
to
S = Ldt

t1

We can compute the difference between the Lagrangians for the true path and the wrong path:

AL=mi é—€-VU+ O (?)
Working through this, we are left with

S:—/dtz-:'[mi‘—i-VU]
F,
constr.

Note that the quantity in the brackets is the constraint force. Since € was previously shown to lie
on the surface, and the constraint forces are perpendicular to the surface, this dot product must
always be zero. The action, which we defined using only non-constraint forces, is stationary at the
true path with respect to all other paths on the surface. Thus we have proved Hamilton’s principle
for paths consistent with the constraints. Although we showed this for a single particle, this holds
for constrained systems with a general number of degrees of freedom and generalized coordinates.

This allows us to blindly apply the Euler-Lagrange equations to the generalized coordinates of the
system, disregarding any constrained forces.
Examples

Let us do a simple example of Lagrangian mechanics. Consider Atwood’s machine, two masses
connected by a string pulled over a pulley. We define the distance from the center of the pulley to
mq to be z, and the distance from the center of the pulley to ms to be y. The total length of the
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string is then given by [ = x 4+ y + 7R, where the radius of the pulley is R. The kinetic energy is
given by

1 1
T = §m15c2 + §m2y2

Computing the potential energy:

U= —migr — magy

= —m1g9T + Mmagx + const.
Writing out the Lagrangian:
L=T-U

1 ,
=3 (my +mg) & + (m1 —ma) g

Now writing out the Euler-Lagrange equations:

i 02y oz _,

dt \ 0t or
(my+mo)& — (mg —mg)g=0

Which provides the standard result for the acceleration:

mp —ma
mi + ms

Now let us consider a block sliding down a wedge, where the wedge can also slide on the ground.
The inclination of the wedge is given by angle a.

In this case, we define two coordinates, ¢; is the distance from the top of the wedge to the mass
sliding down the wedge (measured parallel to the slope of the wedge), and ¢y is the distance from
the starting point to the edge of the wedge, measured parallel to the ground.

The kinetic energy of the wedge is given by

..

To find the kinetic energy of the little mass, we first compute the x and y coordinates:

Tm = Q2+ q1COsx
Ym = —qsina
Where we have discarded any other constants, since they won’t end up mattering.The kinetic energy

is then given by

T = 5 (i + Uin)

N
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N RN N~

. . 1 ..
m (g2 + 1 cos a)2 + 5™m (—¢1 sin a)2

m (q% sin® o + q% + q'% cos? o + 2q1qs cos a)

m (q% + 3 + 24142 cos )

The total kinetic energy is then given by
1. . 1 . . .
T = §Mq§ +5m (d3 + df + 24142 cos )

We can compute the potential energy in the system:
U= —mgqisina
And then write out the Lagrangian:
L=T-U

1 1

= §Mq'§ + 3m (CJ% + ¢% + 241do cos @) + mgq sin o
Now applying the Euler-Lagrange equations (Eqn. 4):
4oLy oL,
dt \0ga 0

d
a(Mcjg+mq2—|—qlcosa)—l—0:0

(M + m) g2 + m¢; cos « = constant

We see that this implies that momentum is conserved along the z direction.

Now we can look at ¢i:
b0y oc_,
dt \ Oy oq
p (mg1 + mga cosa) —mgsina = 0
mgi + mga cos @ = mgsin o

g1 + gacosa = gsina

We have two differential equations of two variables, ¢; and g2. We can now solve for g1, by eliminating
g2 from this equations. From momentum conservation, we have that

N COS (v .

Inserting this into the second diffeq:

. <mcos2a
4 M+m

(1 mcos? o

M+m

>c’j1 =gsina

>c’j1 =gsina
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From this, we find that

gsin o

1 — m cos? «
M+m

g1 =

Now let us take some limits, in order to check whether this agrees with what we expect. If we take
the M > m limit, we expect the wedge to not move as the block slides down the wedge. In this
case, the acceleration reduces to the expected fixed wedge result, §; = gsin a.

If instead we take o — 5, so we have a vertical edge, we obtain that §; = g, which is the expected
freefall result.

Now let us consider a more difficult system. We have a bead on a hoop of radius R, which can
rotate along its central axis. This problem is easiest to solve in spherical coordinates. We measure 6
as the angle from the vertical to the bead, p as the horizontal distance from the rotation axis to the
bead, and ¢ as the “inward” and “outward” angle.

The velocity in the ¢ direction is given by

Vp = pw
= Rwsin 6

And the velocity in the 6 direction is given by
Vg = R

Thus the kinetic energy is given by

1
T=gm (v + v5)

= %m (R292 + RZ%sin? 9w2)
We can measure the potential energy from the bottom of the hoop:
U =mgR (1 — cosb)
We can then write out the Lagrangian:
L=T-U

1 )
=gm (R292 + R?sin? 9w2) —mgR (1 — cos®)

Now writing out the Euler-Lagrange equations (Eqn. 4):
408y _ot_,
dt \o9d/) 00
d )
T ( R29) — (mR2w2 sin @ cos @ — mgR sin 0?. =0
mR*0 = mR*w?sin 6 cos § — mgRsin 6

0 = w?sinfcosf — %sin@
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We want to find the equilibrium positions and the frequency of small oscillations. Equilibrium
positions are cases where if 8 = 0, then 6 is also 0, there is no velocity and no acceleration, the bead
just sits there.

For this problem, equilibrium points satisfy 6 = 0 (and we will insert the boundary condition that
6 = 0 later), and thus

(wQCOSQ— %) sind =0

From this, we see that there are two possibilities. The first is that sin # = 0, which gives § = 0 or
0 = m, which correspond to the bottom and top of the hoop. The second possibility is cos = %wQ.
Now let us consider each of these, and determine whether they are stable or unstable, and if they
are stable, the frequency of small oscillations. The first two make sense as equilibrium points, but
what is the third case? Consider the frame of reference of the rotating hoop. In this frame, the
bead has an outwards centrifugal force (pseudoforce generated by our noninertial reference frame),
gravity pulling down, and the normal force of the wire. There will be some value of the angle for
which the centrifugal and gravity forces cancel along the direction parallel to the wire, and the bead
will not move.

Let us denote these equilibrium points as 6y. Let us begin with the one at the top of the hoop,
b = 5.

To decide whether this point is stable, let us consider a slight displacement from the equilibrium
point. If the bead rolls back to the equilibrium point, then it is a stable equilibrium, otherwise it is
an unstable equilibrium point.

Consider 8 = 6y — e = m — ¢, a small displacement from the equilibrium. In this case, we can
compute that cos (r —¢) = -1+ O (¢?), and sin (m — ) = e. We can now insert these into the
relation for 6, which is equal to é:
- 2, 9 )
E=|lw'+ = )¢
(#+ 5
We note that the coefficient is positive, so € increases with time, and thus 8 increases with time. Thus

the bead will move away from the equilibrium point, and thus the point is an unstable equilibrium,
which we expected, placing the bead at the top of the hoop is intuitively not stable.

Now let us consider the case where 8y = 0. In this case, 8 =0y +¢ =¢:

Now let us consider w? — 4. If w > %, then € grows with time, and the equilibrium is unstable.
However, if w < %, then & < 0, and the equilibrium is stable, the small shift will lead to the bead
going back down to the bottom. Now let us find the frequency of small oscillations around this
equilibrium point in the case where w? — % < 0.

‘We have that
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Recall that this is the simple harmonic motion differential equation, with frequency:

1
f g _ 2

VR

Now let us consider the final equilibrium point. In this case, cosfy = ﬁ, and we set 6 = 6y + €.

We can again compute é:

€= <w2 cos (0 +¢) — %) sin (A + €)

= (w2 (cosby — esinby) — %) (sin @y + € cos by)

= (wQ cos By — ew? sin Oy — %) (sinfy + € cos bp)

= w? cos By sin By — ew? sin’ Oy + £2w? cos Oy sin Oy — % sin 6y + 5% cos by
= w?cosfysinby — e <w2 sin? 6y + }7; cos 60) — % sin 6,

Where we have applied:

cos (0g +¢€) = cos By cose —sinbysine
(6o +¢) o o
1 €
sin (6 + €) = sin @y cos € + cos fy sin €
(6o +¢) o 1 o
1>

Note that this can be derived by using Euler’s identity, ¢4 = cos A + isin A. We also discard terms
of order 2. We then insert the fact that cosfy = ek

&= (—w2 sin? 90) €
= —w? (1 — cos? 90) €

2

_ 2 g
= —w <1_R2w4 €
2

R2w?

Q

= (—w2 + €

We thus have that

2 92
€+ (w —w2R2>£:O
This is unstable if w? — wg—; < 0, which is true if ﬁ > 1. Conversely, it will be stable if the
opposite condition is true, —§5 < 1.
Forces of Constraint

Using Lagrangian methods, how can we calculate forces of constraint? This method uses the
functional analogue of Lagrange multipliers.

Let us first review Lagrange multipliers.
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What is the largest area that a rectangle can have if we have the constraint that the perimeter is 87

Let us solve this in 3 different ways. The first method is to let the area be A, and the sides be
of length a and b. The perimeter is given by 2 (a + b) = 8, and A = ab. We want to extremize A
subject to the constraint that a + b = 4. We can do this by eliminating b, b = 4 — a, and then
inserting this into the equation for the area, A = a (4 — a). We can then take the derivative and set
it to 0:

dA

=0

da
4—2a=0

Which gives us that a =b =2, and A = 4.

The second method is to extremize A with respect to a, but take into account that b is not
independent of a:

da b
1A _ (04 (04 (o)
da \Oa ob da
We see that % = —1, and we have that
dA
L _p—
da “

Setting this equal to 0, we find that a = b, which gives us that a = b =2, and A = 4.

Finally, the third method is to apply Lagrange multipliers. We first write the constraint equation as
a+b—4 = 0. Now, rather than extremize A, we extremize F' = A+A(a+b—4) =ab+A(a+b—4).
We extremize F' with respect to a, b, and A independently:

oF =0—=04+A=0
da
F
F
?9)\ =0—=a+b-4=0
From the first two equations, we find that a = b = —\, and inserting this into the third equation,

we see that a = b = 2.

Now consider Atwood’s machine. We assume that the length of the string is constant:
r+y+mR=1

This has Lagrangian:

1 .2 1 %)
L= 5 + 5m2y + mi1gx + magy
Now, one way to deal with this would be to use the constraint on the length to eliminate y from the

Lagrangian, and have it be fully in terms of x. We then extremize this with respect to x (t), and
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solve. This is what we did when we considered the Atwood’s machine earlier. However, this does
not easily provide the force of constraint, the tension in the string.

Let us now consider the analogue of method 2, extremizing £ with respect to x, keeping in mind
that y is not independent of .

L[ ()9 gy [ (22) 2]
05 = /dt {dt(dﬁc az) " L \ay) ~ oyl %

From the constraint equation, z + y + 7R is constant, and thus dx = —dy:

. 4 0Ly oL _d (L) o]
05 = /dt [dt (aj; or i \ag) T oyl "

Extremizing with respect to dx:

w5 w5 (5F) -5 -0

dt \ 0z Oz dt \ 9y oyl
(m1@ —mug) — (mafj — mag) =0
Now eliminating y using the constraint equation:
(m1 4+ mgo) & = (mp —ma)g

Which is the same equation of motion obtained from the first method. However, we again see that
the force of constraint is not easy to obtain.

Let us now discuss the third method, the Lagrange multiplier method. This is the method that
should be used when we care about deriving the force of constraint.

‘We write the constraint as

(x+y+7R—-1)=0

We now extremize the value:

L+ N xz+y+7TR—1)

g:/ﬁy

:/ﬁﬂL+AUMx+y+wR—U

This provides a new action:

This will provide us three equations, by extremizing with respect to x, y, and A respectively:

mit —mig—A=0
mafj —mag — A =0
z+y+nmR—-1=0
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We now eliminate A\ from the first two equations:
m1E —mig — may + mag =0

We can then eliminate y using the constraint equation:

mi1 — My

mi +m2g

How do we obtain the force of constraint? Consider the first equation that we obtained:
mi& =mig+ A

By Newton’s Law, this is the total force acting on my. m1g is the force of gravity, and therefore A
must represent the constraint force, the tension. We can solve for A by inserting the expression for
Z:
A=miE —mig
mimse

-2 =
my + ng

Why does this method work in the general case? We will show that the Langrange multiplier method
is basically equivalent to the second method we used. Consider a Lagrangian that is a function of
two coordinates, ¢ and g2, £ = L (q1, 42, ¢1,¢2), where the two coordinates are not independent,

but are related by some constraint g (q1,¢2) = 0. We can obtain the equations of motion by using
the second method:

0s = —/dt oL
_ 4 35>_35} [d<35>_3ﬂ
N /dt {dt <6q1 8q1 6Q1 + dt 8(]2 a(p 6Q2
d (0L oL d (0L LY g

a2 (3(25) )

/ dt \0q) ~ 0qi  \dt \0gz) ~ gz Sq1) "
We require that this vanish for arbitrary g¢;:

[d<3ﬁ)3ﬂ e {d(aﬂaﬂ _0
dt \dq Ol 0qr Ldt \Ogo g2

From the constraint equation g (¢1,g2) = 0, we have that

dg dg
—9 —2 g, =0
a1 q1 + 94 q2
0
g _ ooy
- 0
oq1 Tqi

We can now insert this into our previous equation:

{i<%>_%} o {i<%>_%} —0
dt \ g oq 95 dt \ 0o dg2l

q2
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We then eliminate ¢y in favor of ¢; using the constraint equation, and we obtain the equation of
motion for ¢.

Now let us prove that this method is mathematically equivalent to the Lagrange multiplier method.

Using the Lagrange multiplier method:

S = /dt [£+ Mg (q1,q2)]

We then extremize this with respect to q1,q2, and )\, treating them as independent variables:

da <3£> 9L 9

dt \oq oq oqn

da (‘lﬁ) _oL 99 _,

dt \Oqo 0q2 0qo
9(q1,42) =0

Eliminating A from the first two equations, we see that we are left with the result from method 2:
9g
{d@ﬁ)_aﬂ _ D {d@ﬁ)_aﬂ _0
dt \oq/ oq) o ldt\dj/ gl

We can again eliminate g2 via the constraint equation to obtain the equation of motion for ¢;.

How do we find the forces of constraint? Looking at the extremization with respect to ¢, we see
that

d (0L oL 0

()22 ot

dt \Oq o1 Oq

The first term is the generalized force, and the second term is the generalized force of constraint.
However, we care about the actual force of constraint, not the generalized force of constraint. To

determine the force of constraint, we assume that the generalized force of constraint is associated
with a potential:

oy _ v,
Iq1 oq1
Then the force of constraint is given by
F.=-VV,
oV,
=— \Y
a1 q1
g
=A==V
e a1

This will give the force of constraint for ¢;. If ¢go describes the location of the same particle as g1,
then there is an additional contribution to the force of constraint:
dg

dg
F.=)A=—Vq +\—V
dq q1 7 q2
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Consider a block of mass m sliding down a fixed ramp of angle §. We want to find the normal
force using the Lagrangian formalism. We choose y to be the vertical coordinate, and x to be the
horizontal coordinate. We can write out the Lagrangian:

L= %m (562 +g)2) — mgy

In these coordinates, the constraint is that the block must stay on the wedge, so y = xtanf. We
can then define the new Lagrangian:

1
L= 3 (2* + 9*) — mgy + A (y — x tan )

Now we obtain the equations of motion:

mi + Atan@ =0
my+mg+ =0

Eliminating A:

mi + (my + mg) tan 6 = 0

We now apply the constraint to remove y:
2
ma + p7e] (xtan@)tanf + mgtand =0

Working through this, we are left with

I (1 +tan29) +gtand =0

isec’d = —gtand
I = —gsinfcost
From this, we have that jj = —gsin?#. Writing out the acceleration as a vector:
a=—gsinf <COS 9)
=9 sin 0

The magnitude of the acceleration is gsin 6, down the slope. Now we want to find the normal force,
so we can pick one of the equations of motion. We can rewrite A:

A=mg+my
=mg (1 — sin? 9)
= mgcos’

We can write out the force of constraint:

F.= —Mtanfi + \j
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=—-m cosG( sin 0 )
- g —cosf

Let us consider this same problem in a more convenient coordinate system. We have coordinate
[, which is the distance down the wedge, and w, the perpendicular distance from the wedge.
In this coordinate system, the kinetic energy is %m (l2 + 11')2). The potential energy is given by
mgl sin @ + mgw cos . This gives us Lagrangian:

L= %m (l2 —l—u')2) —mg (Isin @ + wcos )
Now we introduce the constraint, w = 0:
L= %m (l.2 + b*) — mg (Isinf + wcosf) + Aw
The equations of motions obtained from this are:

ml + mgsing =0

mw — X+ mgcost =0

From the second equation and the constraint equation, we have that A = mgcosf. From the first
equation, we have that [ = —gsin . The normal force can then be computed as:

F. = mgcos 6w

Now let us consider a bead of mass m threaded through a very narrow rod of length I. The bead is
free to slide without friction along the rod. The rod is fixed at one end, but is free to rotate in the
horizontal plane about the fixed end. If the rod is rotating counterclockwise with constant angular
velocity w, find the equations of motion for the bead, and the force exerted by the rod on the bead.
Neglect gravity.

Looking at the rod from a top-down perspective, we have two coordinates, the angle of the rod with
a set horizontal position, ¢, and the location of the bead on the rod, p. The angle is related to the
angular velocity, ¢ = wt. We can write out the Lagrangian:

1 ,
£:§m(p2+p2¢2)

The modified Lagrangian is given by

L= %m (6* + P°6°) + A (¢ — wt)

This produces the equations:
mp — mp¢32 =0
i (') =
dt
Now noting that ¢ = w:

mp — mpw? = 0
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The first equation simplifies down to
p = pw?
This is a linear equation, and has solutions that are hyperbolic sines and cosines:
p (t) = Acosh (wt) + B sinh (wt)

Where A and B are determined by the initial conditions. The second equation of motion that we
have gives us

2mpw?p = A

Now noting that A = —%‘gf, the potential for the force of constraint:

F.=-VV,
oV
=~ Vo
1 .
=+;Bmwﬂé

= Zmﬁwgzg
Two Body Central Force Problem

Consider two particles with masses mj and ms, located at r; and r5. The only force acting on them
is from their mutual interaction, which is assumed to be conservative, so it can be derived from a
potential. Translational invariance implies that the force depends only on their relative positions:

U(Tl,TQ) =U (’I“l — ’I“Q)
If a conservative force is central, then
U(T‘l — TQ) = U(|T1 — 7‘2|)

We only care about the magnitude of the distance, and the force is along the line joining the two
particles. It is thus convenient to introduce a relative position coordinate:

T=7T1—7T9

In which case the potential is just dependent on the magnitude of 7 :

1 1
L= Emlf% + imgf'g —U(|r])

What generalized coordinates should we use? So far, we have 9 coordinates, 3 for each of rq, 7o,
and 7. Instead, we consider the ‘center of mass’:
miTy + mara

R =
mi + ms
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These are the two coordinates that we use, R and r. We define a total mass m = mj + ma:
R=7ry+ —
m

Note that the vector R points along the line joining the two particles.
Why is R a good choice of coordinates? We take advantage of the conservation of momentum:

d . .
o (M1 + moaf) =0

(m171 +mars) =p

Where the momentum p is constant. From this, we find that the center of mass moves with constant
velocity:
d
— (MR) =
5 (MR)=p
R = constant

The system behaves as if the total mass was entirely located at the center of mass, and the center
of mass is moving at a constant velocity. It is straightforward to choose coordinates such that the
center of mass is not moving. In this frame, known as the center of mass frame or the center of
momentum frame, the problem is especially simple.

We can write out 71 and 72 in terms of the center of mass position, and then write out the kinetic
energy:

1
T = = (m171 + mata)

2
1 . 1 mimsa .o
=-MR+-M
2 + 2 M?2
We define a parameter p known as the reduced mass:
mimsa
M
mims
N m1 + mso

Using this, we have that
1 . 1
T =_-MR? + —ur?
gt T gkr

We see that we split up the kinetic energy into two parts, the kinetic energy of the center of mass,
and the kinetic energy from the relative motion of the two particles. From the kinetic energy, we
now consider the Lagrangian:

1 . 1
L= 5MR2 + 5#1‘“2 —U(|r])

= ‘CCOM + Erelative

We see that the Lagrangian nicely splits into two separate Lagrangians, which, since there is no
interaction between them, we can solve them separately. Also note that R is a cyclic coordinate,
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it only appears in the Lagrangian in the form of its derivatives. When we write the equation of

motion for a cyclic coordinate ¢, we will find that %—2 is a constant. In this case, R being a cyclic

coordinate indicates that total momentum is conserved.

For the center of mass motion:
mi =0

Which we already knew. Looking at the relative motion:

L,
Erelative = 5/“‘2 -U (‘T‘)

This is the same as the Lagrangian of a particle of mass p moving in a central potential. From this,
we find that

pit = =VU (|r|)

In the case where we are in the center of mass frame, then we can throw out the center of mass
term entirely, and we have reduced the problem to a 1 body problem, where we keep track of the
relative position of the two particles, rather than both of their positions. In this frame, the two
masses must have equal and opposite momenta.

Let us consider the conservation of angular momentum. In the center of mass frame, we have that

L =7y Xp1+7r2 X P2

=pur X r

In the center of mass frame, we can think of this as again being a particle of mass y moving in a
central potential. Since the total angular momentum is conserved, then

T X 7 = constant

This is a vector perpendicular to both r and 7. We note that this vector will always be perpendicular
to the plane that » and 7 share, and therefore, since it is constant, the motion of the system must
be restricted to the plane.

We began with 6 coordinates, brought it down to 3 via the center of mass, and now we have planar
motion, which brings us down to 2 coordinates, we can disregard any motion in the direction
perpendicular to the plane.

Now that we know the motion is planar, we can work in cylindrical coordinates (where z = 0):

1 1 .
L= -pt*+ spr*® — U (r)

2 2
Since £ doesn’t explicitly depend on ¢, it is a cyclic coordinate, and thus
d 9
p (ur?p) =0

And thus /M“% is constant. This is the statement of conservation of angular momentum:

W“ZQZ} =1L
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From here, we finally have to start working with nontrivial equations. We can use the radial
Euler-Lagrange :

d )
ur = ——U + mr¢2
dr

Now substituting in the relation between angular momentum and ¢

dU  L?

= dr  ur

If we can solve this for r, then we are done. This is the equation of motion of a particle of mass p
moving some potential that depends on a single variable. We see that this is a massive simplification
compared to the original problem setup. In particular, this has the form of Newton’s Second Law

for a particle in one dimension subject to the actual force —% and a fictitious centrifugal force

L2
FCf = W

This centrifugal force can be obtained from a “centrifugal potential”:

d < L? >
Jo
cf dr \ 2ur?

d
_%Ucf

The radial equation then becomes

.. d ([ L? >
Hr = dr (2;”‘2 +U(r)

—_————
Ueffective
Now note that we have a particle in one dimension moving under the action of a conservative force.

This leads to conservation of energy. We have Newton’s Second Law:

P AUeg
o= dr
Multiplying by 7r:
... . dUeff
7= —7
s dr
Now integrating both sides:
... dr dUqg
dt =— [ — dt
/ HrT dt dr
1
§I,LT2 = Ueﬁ‘('r) + E
1
5[“"2 + Ueﬁ‘ (T) =F

We see that the total energy is a constant, denoted E. From here, we can solve this relation for 7

;= \/i (E — Ut (r))
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We can then integrate this with respect to ¢ in order to find r (¢), and we will have solved the
problem. There are only a few analytically solvable cases of this problem, but we see that we have
simplified this greatly.

Let us consider this problem in the case of an inverse square law potential:

mim
U(r)=-G—
,
__7
,
In this case, the effective potential becomes
2
0% l
U = ——
off r + 27?2

We see that the first term is always negative, goes to 0 as r — 0o, and goes to —oco as r — 0. The
second term is always positive, and has the opposite behavior near 0, U, — oo. Very close to 0, the
centrifugal term wins, and so we go to co near r — 0, but we have a well for r slightly larger than
zero, where the 1/r potential wins out over the 1/r? potential.

We see that this potential has unbound orbits, where the energy of the incoming particle is positive,
the particle approaches the origin and then reflects back out to co. The bound orbits have negative
energy, and get trapped in the well.

Suppose we have a bound state, which oscillates between r = ryi, and r = rpax, inside the well.
These points correspond to points where 7 = 0, the energy is equal to the potential:

Uegt (r) = FE

Also note that the case where E is exactly equal to Ueg at the bottom of the well, corresponds to
circular motion, the radius between the two objects does not change.

Since ¢ = L /ur?, as r changes, ¢ is also changing. For bound orbits, r oscillates between 7y, and
Tmax, but we never switch directions in the orbit, ¢ always maintains the same sign.
Noether’s Theorem

Theorem 2.1. Noether’s Theorem. Corresponding to every continuous symmetry transformation
of the Lagrangian, there exists a conserved current.

Conservation of energy, charge, and momentum, all can be derived from symmetries in the Lagrangian.
For example, the U (1) symmetry of QED leads to conservation of charge.

Consider Newton’s Law:

Which can be written in component form:
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The benefit of writing it in vector form is that we define how F' and a transform under rotations.
We say that both sides of the equation change covariantly under rotations, they change in the same
way given a rotation of the coordinate system. Similarly, the moment of inertia is related to the
angular moment and the angular velocity:

L=1 w
In this case, L and w are vectors, and I is a tensor.
In the case of electrodynamics, we can write Maxwell’s equations as:
O FH = gt
8’“”\"81,F,\0 =0
Which is invariant under Lorentz transformations.

Let us prove Noether’s theorem for a few symmetries. First, let us show that momentum conservation
is a consequence of translation symmetry.

The laws of physics are invariant under translation, if we move a system from point a to point b,
the system should behave the same way. By Noether’s theorem, there must be a corresponding
conserved current. We will show that the conserved current leads to momentum conserved.

Consider a system of particles with pairwise interactions in one dimension. The Lagrangian is given
by

_1 2 o
L= 2Ei:mzxi —i—%V(mZ xj)

Consider a change of coordinates z; — 2} = x; — a (where a is infinitesimal®), we shift all the
coordinates by the same amount. This is a symmetry transformation:

dx;_i('_)
at ar
_

Thus the Lagrangian in the new coordinates is just:

L= %Zmzx? —i—ZV(x; —:L';)
i ij
1
= §Zml$12+ZV(l‘l —a:j)
7 @,

We see that nothing changes, the Lagrangian is “form-invariant” under this translation. In particular,
this implies that the action is also the same:

/dtﬁ(wz,xz) :/dtﬁ(x;,m;)

The action is “scale-invariant” under this transformation. This is the main condition that we choose
to determine symmetries in a system. In this case, we see that translation is a symmetry of the
theory.

2Required because we need the symmetry to be continuous, Noether’s theorem has no discrete analogue.
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Now let us consider the difference between the Lagrangian in both coordinates, which is zero by
form invariance:

L (2, @) — L (zi, &) =0

Which (for infinitesimal a), can be written as
oL oL
—0x; —d0x; =0
Now we note that dz; = 2, — 2; = a, and 0&; = 0. Thus we have that

i

At this point, we insert the equations of motion (Noether’s theorem only applies to the classical
path, which means that we have to constrain everything with the equations of motion):

d (L
Zi:dt(ajsi) =0

total momentum

We see that by definition, this is the time derivative of the total momentum, and we have extracted
that the total momentum is conserved. Anytime that we have a theory that is translationally
invariant, we will always extract momentum conservation, and thus all theories that we write down
should have translational invariance.

Let us now consider energy conservation. We will show that this arises from time translation
invariance, the laws of physics are the same at all times.

Consider a Lagrangian L [z (t), (t)] that does not depend explicitly on time, any time dependence
is through the fact that z and & depend on time. Consider a change of coordinate t — t' =t + ¢,
where € is infinitesimal.

If we do this change of coordinates, we have that x (t) = z (t' — ¢) = 2’ ('), where we define a new
function 2’. For constant e:

de  da

dt — dt
_d2' dt!
Toav dt
_da
Tt

Then we can consider the Lagrangian:
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We see that once again the Lagrangian is form-invariant. We can look at the action integral:

tp tp+e
/ dt Lz (t),d(t)] = / dt' £ [« (¢'), 3" (¢)]
ta tate

The only difference here is the limits, which doesn’t matter. The functional form of the integrals
are the same, which gives us scale invariance. Thus we see that time translation is a symmetry of
the system.

Let us now subtract the left hand side from the right hand side:

tpt+e ta tp

/ dt' £ [ (t') 2" (¢)] +/ dt' £ [ (t') 2" (¢)] +/ dt (L[2'(t), 3" ()] — L]z (t),2(t)]) =0
tp tate ta

What we have done is broken the right hand side into 3 integrals, an integral from t4 to tp, an

integral from tp to tp + ¢, and an integral from t4 to t4 + €. For the integrals over the interval of

size €, we argue that the Lagrangian doesn’t have enough time to change by very much, and thus

tp+e
/ dt L [o (¢) & ()] = <L [ (tg) & (t5)]
tp

And similarly for the other integral of interval size €. We also rewrite the third integral, using a
similar form as the case of momentum conservation:

tp
i[5 ] o
ox

L [0/ (ta) & (t0)] — <€ [o (4@ (t0)] + [ o

ta

Now we can compute dx and di:

dx=a'(t) —x (t)

=z(t—¢e)—x(t)
= —¢&x

8 =i’ (t) — i (t)
——6‘%%

Where we have Taylor expanded x (t — ¢) in order to produce the . We now replace the z's in the
first two terms with xs, which we can do because the change is of order €, and the two terms are
already of order €, so we disregard the O (62) changes. We also insert our expressions for éx and 0%
into the third term:

L[z (tn) .0 (tn)] — oL [ (ta) 3 (£4)] + /tB dt [gﬁ (—ei) + gﬁ (—edtaaﬂ ~0

ta

Now we combine the first two terms into an integral:

L[z (t5) i (t5)] — eLw () 3 (£4)] :5/ ar £
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For the last term, we now insert the equation of motion:

oL _ dot
or  dt i
And thus we have that

/thtaﬁJr/tht <_ i(d(aﬁ))_ ‘%dj;)_o

o, T, \at \oz/))  “oxat’)
5 9L R < .8£>

E/tA dta‘k . dta —E.ZE% =0

Where we notice that the second integrand is a total derivative. We can now merge everything:

tp
5/ ad [a—aza—ﬂ —0
ta dt oz

The limits of integration here are arbitrary, so the integrand must be zero for all choices of time.
Thus we have that

Now we notice that this is just the definition of the Hamiltonian (up to a sign), which is the total
energy in the system:

d
priie

And thus we have conservation of energy.

Hamiltonian Mechanics
Hamilton’s Equations

The basis of Lagrangian mechanics is the Lagrangian:
L=T-U

which is the function of the generalized coordinates and their time derivatives. The coordinates
specify the configuration of the system at a particular time, which can be thought of as defining a
point in an n dimensional configuration space. The 2n coordinates (g1, g2, ..., qn,q1,-- -, Gn) define
a point in state space, and specify a set of initial conditions that determine a unique solution of the
n second order differential equations, Lagrange’s equations.

In Hamiltonian dynamics, the central role is played by the Hamiltonian H, defined by

HZZPiQi—E

The equations of motion involve derivatives of H rather than derivatives of £. If the Lagrangian
is time independent, as we just saw, H is constant. Just as the 2n coordinates in the Lagrangian
case define a point in state space, the 2n coordinates in the Hamiltonian determine a unique point
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in phase space. Hamilton’s equations determine a path in phase space, starting from some initial
configuration.

Let us derive Hamilton’s equations for a 1 dimensional system.

We begin with the Hamiltonian:

H =pq(q,p) — L(q,4(q,p))

Here ¢ is determined implicitly from the definition of p:
& —p—ilan)
EY =D—74\,p

Now we can take the derivative of the Hamiltonian with respect to position, holding p fixed:

(), =G, |G+ (56), ),

p
B (55)
- (%),
B d(8£>
rits
__dp
T dt

Where we have inserted the Euler-Lagrange’s equation (Eqn 4). This is the first of Hamilton’s
equations. Now let us consider the derivative with respect to p, holding ¢ fixed:

(), a0 +0(5) - (5),(3),
=q

This gives us the second of Hamilton’s equations. Together, we have that

(Zj) g (5)
(%7;) . (6)

In the Lagrangian approach, for a system with one degree of freedom, we obtain a single second
order equation of motion, while in the Hamiltonian approach, we obtain 2 first order equations of
motion.

Let us do an example. Consider the Atwood’s machine.
The Lagrangian for this system is given by:

1 ‘2 1 .2
L= gmd + 5m2y + mygr + magy



Hersh Kumar

PHYS610 Lecture Notes Page 69

Which we can rewrite as

1
,C:i(m1+m2):t2+(m1—m2)gx

Now we can solve for p:

oL
- O

We can now eliminate & in favor of p in the Lagrangian:

P = (m1 +me) &

1 p2
L=——"""—— —
S — + (myp —mg) gz
The Hamiltonian is then:
H=pt—L
o
my1 + mg
L Py —my)
=—————(m1 —m9) gz
2my +ma ! 2)9
We can then compute Hamilton equations:
oH
or p

p=(m1—ma)g

And the other equation gives:

From this, we have that

myp —ma

mi + ms
Which is exactly what we expect.

Why is the Hamiltonian formalism worth using if it gets the same result as the Lagrangian formalism?
Looking at Hamilton’s equations, we see that they have a symmetry built into them, known as a
symplectic symmetry.

oH .
aip =q
oH
87q =P

This symplectic structure underlies all of classical mechanics. Another benefit is that the Hamiltonian
formalism allows for coordinate transformations to be done much more easily. We also are guaranteed
unitarity, but we lose Lorentz invariance, while the Lagrangian loses unitarity, but maintains Lorentz
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invariance. Each method has its pros and cons when applying the formalisms to quantum mechanics
and quantum field theory.

Let us now consider Hamilton’s equations when we have more than 1 degree of freedom. Suppose
the configuration of the system is described by n coordinates, ¢1,q2,...,q,. The corresponding
generalized velocities are ¢1,¢2,...,¢,. The Langrangian will be a function of these, £ (¢, ¢;,t).

The generalized momenta are given by p; = ( %)7 and the Hamiltonian is given by

i
‘H is a function of n generalized coordinates and n generalized momenta. By following the same

procedure as the 1 degree of freedom case, we find Hamilton’s equations for a system with n degrees
of freedom:

,_0%
Qi_api
. OH
pi__a%'

These are 2n first-order differential equations.

Let us do an example. Consider a particle in a central force field. Recall that in polar coordinates,
the kinetic and potential energies are given by

T= %m (7"2 + 7'2&2)

U=U(r)
To solve this, we first write down the Lagrangian:
L=T-U
= %m (7'“2 + r2<152) —U(r)
Now we compute the conjugate momenta, p, and pg:

oL
pr:E
=mr
oc
0

= mr?d

Do

Note that once again, py is the angular momentum (see the Lagrangian treatment of the central
force problem in Section 2.4.4). We can now write down the Hamiltonian:

1 i
H = mi? + mr2¢? — Zm (7"2 + 7‘2¢2) +U(r)
1 1 .
= imfz + imr2¢2 + U (r)

2
P P
2m = 2mr?

+ U (r)
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Unsurprisingly, since £ has no explicit time dependence, the Hamiltonian is just the sum of kinetic
and potential energy.

We can now apply Hamilton’s equations to r:

oH .
E__pr
Py, dU
_W"i'%__pr
oH .
opr
Dr
=

Now we can write down the set of the equations for ¢:

oH
o ¢
0= —pg
oH
Opg
Ps _
mr2 ¢
We see that two of the four equations just give us the definitions of the ps in terms of the coordinates,

while the other two carry the dynamical information about the system. The fact that py, = 0 tells
us that angular momentum is conserved. We can look at the first equation we wrote down:

2
P U/ _ .
3 +U'(r) mi
We can eliminate pg:
. ou 12
mi=——+ —
or  mr3

This agrees with our Lagrangian result for the central force problem.

Phase Space Orbits

We can rewrite Hamilton’s equations as:

oM
qi = api

= fi(qj,p5)
. _37—[
Di = aQi

= 9i (45, p5)



Hersh Kumar

PHYS610 Lecture Notes Page 72

‘We now introduce the 2n dimensional vectors:

¢ f1(a5,p;)
L | - | Fn(a5:p))
P1 91 (qj,pj)
Pn 9n (45, D5)

We can then rewrite Hamilton’s equations as a vector equation:
zZ=h(z)

z defines the “position” of the system in phase space. This first order differential equation tells us
how the system is evolving in phase space. Any point zg defines a possible initial condition of the
system. Hamilton’s equations then define a unique “phase space orbit” or trajectory z (t) which
states from zg at time ¢ = tg.

One thing that is clear from this is that there is only a single orbit that passes through each point
in phase space, provided that the Lagrangian has no explicit time dependence.

Let us do an example. Consider the one-dimensional harmonic oscillator:

1, 1

L= _-mi®— —ka?
5ME 5k
We can compute the momentum:
_oc
P=9i
=mT

Eliminating & in favor of p, and writing out the Hamiltonian:

H=pit—L
2
p 1 5
S S
om T g""

As expected, since the Lagrangian has no explicit time dependence, we recover the energy in the
system.

We can now apply Hamilton’s equations:
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Eliminating p, we have that

kx = —ma

as expected, and by convention, we defined w? = %

i = —w?z
Which has solutions
x = Acos (wt — 9)
p = —mAwsin (wt — 9)
Let us now trace out the trajectory in phase space that this oscillator takes.

The phase space for this system is 2 dimensional, with coordinates given by (x,p). Rewriting the
expressions for the coordinates:
x
— =cos (wt — 9§
% = cos (wt — 5)

p

——— = —si t—0
p—y sin (w )
Using the fact that cos? @ 4 sin? § = 1, we have that
72 P2

JEREy T

This is the equation that defines an ellipse. The phase space orbit looks like an ellipse. Note that
this is going clockwise, if we're sitting on the x axis, the sin (wt — J) term will be positive for small
t, and thus p will become negative, so we have to be going clockwise.

Conservation Laws in the Hamiltonian Formalism

We first show that if # does not depend explicitly on time, H = H (p, q), then H is a constant of

the motion. We can compute % :
dH [37—[ . OH. }
dt ; 8qi g Bp,-p’
From Hamilton’s equations, g—? = —p; and g—;{_ = ¢;. Inserting these:
dH Ny N
e > (=p0) @i + (@) il
i

=0

If there was explicit time dependence, we would have an additional %—t‘ term. Thus, in the case of
no explicit time dependence, H is a constant.

Next, let us show that if ¢; is a cyclic coordinate (it does not appear in the Lagrangian), then its
conjugate momentum p; is conserved. This can easily be shown by noting that

—Pi = aiql
And if ¢; does not appear in the Lagrangian, then H will also not contain ¢;. Thus this derivative is
0, and p; = 0, so p; is conserved.
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Hamilton's Equations from a Least Action Principle

We have extremized the action in order to obtain the Euler-Lagrange equations:
t2
S= [ dtL(gqit)
t1
Where dq (t1) = dq (t2) = 0. What we now want to do is to obtain Hamilton’s equations from the
least action principle.

We define the action in the same way:
to

S = dt L (g, i, t)

t1
t2

= / dt (Zpiq'i—’ﬂ)
t1 i

Let us treat S as a functional of ¢; (¢) and p; (t), and vary it with respect to these functions
independently. This is different than the Lagrangian case, where we considered variations in only
the path ¢; (). In that case, ¢; (t) does not vary independently. Instead, we will treat ¢ and p on
the same footing, as we do when we define the Hamiltonian (as a function of both ¢ and p).

We can compute the change in the action:

t2 OH OH
05 = [ dt opiGi +pidgi — )  -—0pi + 504
t [Z ~ Opi dq;

i
Now we integrate by parts, p;0¢; = % (pidq;) — 0q;p;, and then gather terms:
OH

w—t%tzﬁjaﬂ5~§Xn+)w+zd(5)
= i qi £ Di Di EP qi i dt piog;

t1 i

Now noting that the integral of the time derivative term can be computed using the FTC:

d
[ (Zpi&h') = Y- pidaile, — pidails,

Since the variation at the endpoints is 0, this term is zero, and drops out of the integral. Thus we
are left with

b2 OH OH
5S= | at (;—>6¢— <¢+)5¢
[; G~ 5, ) P ; Pit G, ) 04

t1

Thus we have that these two terms must vanish at the extremum:

. OH
= Op;

. OH
b= dq;

Which is Hamilton’s equations.

There is one interesting feature of this derivation, which is that we exploit the fact that d¢; = 0
at the endpoints, but we never need the condition that dp; = 0 at the endpoints, so we break the
“symmetry” between ¢ and p’.

3In the path integral formulation of quantum mechanics, we implicitly break this symmetry of holding = and p fixed
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Liouville’s Theorem

Theorem 2.2. Liouville’s Theorem. Consider a region in phase space, and follow its evolution
over time. In general, the shape of the region will change. The volume of this region in phase space
remasins constant with respect to time.

Proof. Let us consider the 1 dimensional case (the general case follows from the 1D case). The idea
of the proof is to consider a region, which is composed of an infinite number of tiny rectangles in
phase space, and we will show that the area of each tiny rectangle remains constant, even though
the rectangles change in shape. Therefore the overall area of any region must also remain constant
while it changes shape.

Consider a rectangular element given by the points (ga,p4), (¢8,pB), (9c,pc), and (¢p,pp). These,
after some time, are shifted to (¢4, 7)), (¢, P5), (¢, pe), and (¢, ), respectively. The argument
for why this region remains closed is that the trajectory for any point in phase space is unique, and
the boundary points will remain the boundary points, and points inside the region will never leave
the region.

Since the original shape was chosen to be a rectangle, we have that ¢A = qp, pa = pB, 9B = qc, and
pc = pp. We define qg —qa = qoc — qp = Aq, and pp —pa = pc — pp = Ap. Consider the evolution
of our region for an infinitesimal timestep At. Note that Ag, Ap, and At are all infinitesimal, but
not comparably infinitesimal:

GAt < Agq

PAt < Ap

The distance travelled in our timestep is much less than the length of the rectangle along the ¢ axis.

Now applying Hamilton’s equations:

. OH
P="%,
. O
o

For simplicity, let us assume that H has no explicit time dependence.
We can compute ¢y :
to+AL gy
/
qa =qa+ / ——dt
to ap

We now Taylor expand %—? :

(), (), 0 (), )

qAPA qAPA qAPA qA;PA

on _on
dp  Op

PAGA

(t — to)]

due to the uncertainty principle, if we hold Az = 0 at the endpoints, p at the endpoints must necessarily be
allowed to float.
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If we insert this into the integral that we have, we see that the second term will give us terms of
order (At)2, which we neglect. For this reason, we only keep the first term:

to+At 07-[
= aat / (7)o
da = t Op

0 qa.pa
0
=qa+ (—H> At
OP / 4.9
We can repeat this process for ¢j:
OH
/
dp = 4B+ (7) At
P / 45,05
OH
=qa+Aqg+ <8> At
P 7 qa+Aqpa
2
:qA+Aq+<%3'-l> At+<g;{> AtAg
qA.pA 99P7 qa,pa

We see that ¢z and ¢/; have a relative change, given by only the term

2
(Z4) iy
9G0P/ 44 pa

We can repeat this process for all 8 shifted coordinates, and then compute the area of the new
region. The rectangle becomes a parallelogram, and we know the relative locations of the vertices,
and therefore we can compute the area, by taking the cross product of the vectors representing two
adjacent sides. We find that the area is given by

A=ApAq+ O (ApAth2)

We recover the original area, and we pick up a negligible term, and thus the area of the infinitesimal
rectangle is conserved. From this, the area of any region is conserved. O

Liouville's Equation

Consider a scenario in which we have a very large number N of identical, noninteracting systems,
all governed by the same Hamiltonian. We can define a “density function” which gives information
about the number of systems in the neighborhood of a point (p,q) in phase space. This is an
important consideration when doing chaos theory, plasma physics, and accelerator physics. The
density function p (g, p,t) is integrated over an area in phase space:

q+Ag,p+Ap
/ p(q,p.t) [ [ dasdpi = n
q i

P

Where n is the number of systems in the region of phase space we are integrating over. Integrating
over all space, we get the total number of systems:

/p (¢,p,t) [ [ daidps = N
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Let us consider a tiny region of phase space, and at some time there is n systems in this region.
The region evolves in time according to Liouville’s theorem, maintaining constant volume. We also
claim that n is conserved, because for a system to leave, its trajectory would cross the trajectory of
a boundary point for the region, which is disallowed. Thus, as time evolves, ‘fl—t = 0. If we consider
an infinitesimally small region,

d
e ) AV] =
g lp(q,p,t) AV] =0

We know that £ AV = 0, by Liouville’s theorem (2.2), and thus

4 o@p0)=0

That is, the density of systems in a region of phase space remains constant as we evolve in time.

We can also write out the time derivative:

dp _ ~—~ Op dp; dp dg;  9p
@ 2oy " 2aga o

Applying Hamilton’s equations to the time derivatives of p; and ¢;, and setting this to zero:

W)y (De0H oo
<3t Pirdi _zz: Op; 0q;  Oq; Op; ™

This is Liouville’s equation. This allows us to look at some static region of phase space, and
determine the flux of the number of systems in the region over time. The previous equation had
us tracking the evolution of a region, and we found that the number of systems inside the region
was constant, while this equation keeps the region fixed and tracks the evolution of the number of
systems entering and leaving the system.

Poincaré Recurrence Theorem

Poincaré’s recurrence theorem applies to systems in which the phase space is bounded (it has finite
volume). For example, if we have a bound on the total energy, then we cannot move arbitrarily far
from the starting point in phase space.

Theorem 2.3. Poincaré Recurrence Theorem. Consider an initial point P in phase space.
Then for any neighborhood Dy of P, there exists a point P' € Dy which will return to Dy in finite
time.

In theory, if we lived in a closed universe governed by classical mechanics, this theorem would imply
that at some point you would be taking this course again. Obviously, our universe isn’t governed by
classical mechanics, and it is not clear that it is a closed system so this is (hopefully) not true.

Proof. We have some region Dg, which after time T', becomes the region D;. By Liouville’s theorem
(2.2), the volumes of these two regions must be equivalent. Let Dy be the region after time kT,
where k € Z. There must exist k, k" € Z such that some regions of Dj, and Dy overlap,

DN Dy #2
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This is because our phase space is bounded, and so at some point the regions must start to overlap,
it can only fill up the space for some finite number of times, eventually we must have some overlap
with the region for some previous time. This is why the condition of the phase space being bounded
is required, this is not true for an unbounded phase space. In the unbounded case:

k=00
U Dk =0
k=0
Note that we have not proved the theorem already, we need to show that for any k, there is some &’

for which there is overlap.

Since the evolution of regions in phase space is fixed, if regions Dy and Dy have some overlap,
that set of overlapping points will continue to overlap throughout time, for Dy and Dy 41, etc.
However, not only is the motion forwards in time fixed, but the motion backwards in time is also
fixed. This means that they also have an overlapping region for D;_; and Dy/_q, and for all Dy_,
and Dy/_,, where a € Z. This means that at some point we can have Dy_, = Dy, which must
overlap with Dyr_p:

DoNDy_p, # O

Again, this results from the fact that the mapping Dy — Dy, is invertible, we can track backwards
as well as forwards in time.

O

Poisson Brackets

Let f(q,p) and g (g, p) be two functions in phase space. The Poisson bracket is defined as

_y~ (299 99 01
{f,g}—zi:(aqiapi 8qi0p7;>

Let us consider the properties of Poisson brackets. The first is that the exchange of arguments picks
up a negative:

We also have a linearity property:

{af +Bg,h} = o{f,h} + B{g,h}
Where o and § are constants.
We also have a relation that is reminiscent of commutator properties from QM:
{fg,h} = flg, h} +{f, h}g
{h, fg} = f{h, g} +{h, f}g

We also have what is known as the Jacobi identity:

{£ 49,03} +{g.,{n. F}} +{h{f,9}} =0
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All of these follow from the definition of the Poisson bracket. Additionally, all of the previous
identities are also true of matrix commutators, { fs f]] .

The close relationship to QM is further evidenced by Poisson bracket relations that are similar to
the canonical commutation relations:

{¢i-4;} =0
{pi,p;} =0
{gi,pj} =6

For any function f (q,p,t), we have that
daf of
L= {fH el
ar ~ T,
This is essentially how operators evolve in the Heisenberg picture.
Proof. The proof of this relation is simple, we can write the total time derivative of f:
8 0
=3 (Gt o) + 3
an Opi ot
Now applying Hamilton’s equations, we have that ¢; = g and p; = g;{_:

a (&f@?—l_@g&%) of
=2 94 0p;  Opi0g;) ot

_ of
—{f77'l}+a
O

From this, any function I (p, ¢q) that does not depend explicitly on time, and “Poisson commutes”
with the Hamiltonian:

(I,H} =0

must necessarily be a constant of the motion, since % = {I, H}.

As an example, consider the case where g; is a cyclic coordinate. In this case, the Lagrangian only
explicitly depends on the derivative of ¢;, not on ¢; itself. In this case, H will not add explicit
dependence on ¢;, which we argued earlier. In this case,

pi = {pi, "}
_y <8pi oH U api)

qu apj 8qj apj

We see that g}q’; =0, and gﬁ; = d;j, so the whole thing becomes:

OH
dq;

pi = —
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Which, since ¢; is cyclic, must be zero. Thus p; = 0 for a cyclic coordinate, and p; is constant. This
matches what we expect, the conjugate momentum of a cyclic coordinate is 0.

If I and J are constants of the motion, and therefore {I, H} = {J,H} = 0, their Poisson commutator
{I,J} must also be a constant of the motion:

{1, 7}, M1} =0
This follows from the Jacobi identity:
{73 1y + {1 I+ {{H, 1}, T =0
Since the second and third terms must be zero, the first term must be zero.

Let’s do an example. Consider L = r X p. In components:

Ly = x9p3 — x3p2
Lo = x3p1 — x1p3
L3 = x1p2 — w2p1

Now let us consider the Poisson bracket {L;, Lo}

{L1, Lo} = {xops — x3p2, x3p1 — z1p3}
= {@op3, x3p1} + {x3p2, v1p3}
= xo{p3, z3}p1 + x1{x3, p3}p2

= —Top1 + T1P2
= T1p2 — T2pP1
= L3

We see that we recover the same commutator as in QM, the Poisson commutator of L1 and Lo gives
us Ls.

Similarly, one can show that {L?, L;} = 0, where L? = Y, L?. This once again mimics what we see
in quantum mechanics.
Canonical Transformations

In the Hamiltonian formalism, ¢; and p; are on equal footing, which allows for a much greater class
of coordinate transformations:

4 — Qi (¢,p, 1)

pi = P (¢,p,t)
However, not all transformations of this form are allowed, we have the restriction that the new

coordinates should evolve in time as governed by Hamilton’s equations. This means that we
transform the Hamiltonian:

H(q,p,t) = K(Q, Pt



PHYS610 Lecture Notes Hersh Kumar

Page 81
Such that
oK :
87]'% = Qi
K _ _p
0Qi

Transformations that satisfy this condition are known as canonical transformations.

We will focus on restricted canonical transformations, which are those that are not time dependent:

g — Q(q,p)
pi = P(q,p)
H(g,p) =K(Q,P)

What are the operations that we can actually do? We first write Hamilton’s equations in a symmetric
form. We define the vector z = (q1,q2, ..., qn,P1,P2,--.,Pn). This is a 2n dimensional vector. We
also define a 2n x 2n matrix J, which we define as a block matrix

j — { On><n ann}

_ann Oan

This is the invariant metric for symplectic transformations, and it shows up a lot in physics. In this
notation, we can write Hamilton’s equations as:

=15

The derivative OH /0z is the gradient in the space of z vectors. In component form, we recover the
correct equations:

. -~ OH
Z; = ;Jwaz]

Now let us make the coordinate transformation from ¢ and p to @ and P. This means that
zi — w; (2)

Now let us figure out what the conditions are for this transformation from z; to w;. We start by
computing w;:
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Now we can erte => 33,‘1 ‘gﬁ,j
Z Z Z 8wZ OH Ow;
0zj Jik owy Dz,
Z 87111 ow; OH
8z] J 8Zk awl

Jik,l

The thing to notice is that ‘gg’? are the elements of the Jacobian matrix® J for the transformation
J
from z to w:

8’[1)2‘
Jo. =
" aZj
From this, we can see that we have
OH
Z ng J]k:Jlk Ow
okl wi

From this, we note that we can write this as a vector equation:

oH

W = (JJJT) S

If the transformation is canonical, then we have that

. AE?H

So we must have that

If this condition holds, the Jacobian is said to be symplectic. In terms of the coordinates, this means
that

Z 8'11)7/ 8'11)[ . j
0z Tk 6zk i

From this, we see some of the group structure of the transformations start to show, for example,
doing two canonical transformations in a row must be a canonical transformation.

Now let us show that this condition is equivalent to the requirement that the new coordinates Q;
and P; satisfy the conditions:

{Qi, Q=0
{PHPJ} =0
{Qi, P} = 6i;

4J and J are different matrices!



PHYS610 Lecture Notes

Hersh Kumar

Page 83
Proof. We can look at the Jacobian matrix schematically, as a block matrix:
0Q;  9Qi
0q; Op;
8(]j 8pj
We can now look at JJJT in terms of n x n block matrices:
coy (52 G o I Ga
(J‘]‘] )u b 0P, {—5% } [383 3(1@3]
dq;  p; J Ipi
Now doing this matrix multiplication out, we are left with
h}
JJJT |:{Q’L? Ql} {le l :|
( ) {P“Ql} {szpl}
Fro this to be canonical, we need this to be equal to fil :
{{Qz’, iy {Qi, Pl}} _ { 0 51'1}
{P,ir {P. R} 0
From this, we can read off the condition for the transformation to be canonical:
{Piﬂ P]} =0
{Qi, P} = 0y
Which is exactly what we expect. O
Now let us pivot and consider the Poisson brackets once more.
Theorem 2.4. The Poisson bracket is invariant under canonical transformations. Under ¢ — @

and p — P, the Poisson bracket {f,g} remains the same:
N~ (9f 99 99 0f >

thah= ZZ: <3%‘ dpi  Oq; Op;
:Z<3f dg _393f)

—~\0Q; 0P, 0q; OP;

Proof. We first note that we can rewrite the Poisson bracket:

<~ (0f 09 9g 0f
{fvg} - Z (8%81)2 B 8%8}?1)

Z 8,2@ Jig Bz]
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Under a change of coordinates from z — w (z), then we can rewrite the derivatives:

Where J is the Jacobian. We can then rewrite the Poisson bracket:

of dg  0g Of
{f’g} Z <6QZ 6}% a%apz>

Z azl Jij 82]

0 dg
= Z 8f Jk:ZJ’L]Jl] ow
igkd RS~

(JTIT )iy

Now noting that by definition, a canonical transformation has JJ JJT = J we are left with

_ of \ » 9y
{f.9} =>_ <6wk> J’“aTw

kl
:Z<5f 99 9y 3f>
—~\0Q; 0P, 0Q; OF,
Thus for any canonical transformation, the Poisson brackets remain invariant. O

Action-Angle Variables

Consider a Hamiltonian H (g, p), with no explicit time dependence, restricted to a single degree of
freedom. We now make the assumption that ¢ is bounded, ¢ € [q1, ¢2]. Because of these assumptions,
by the Poincaré recurrence theorem, the system will undergo periodic motion. However, we can
make a canonical transformation from (p,q) to (I,0), such that 6 is cyclic, H has no explicit
dependence, H (I). For this 1D system, it is always possible to make such a transformation.

Hamilton’s equations then tell us that

oH _
00

=0
OH .
o1 ¢

The first equation tells us that I is a constant, and since  is a function of only I, 6 must also be
constant. By convention, we normalize I and 6, such that § = w, which is the angular frequency
of oscillations. The momentum I is known as the “action variable”, and the cyclic coordinate 0 is
known as the “angle variable”.

Let us determine the action-angle variables for a 1D system where:
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Where we also bound our system so that ¢ is between ¢; and ga.

Since I is a constant of the motion, it must be some function of the total energy of the system.
This is because ‘H must be a function of only I, and # is the total energy in the system. Another
reasoning is that we can’t introduce another constant of the motion other than the energy, so I has
to be related to E in some way.

We can write out 0:

. OH
=1
aH
dl
_dE

dl

= w

Where we have used the fact that H is independent of 6, then that 7 = F, and then the definition
of § in terms of the angular frequency. We can’t just integrate this because w may be a function of
1. Now we cheat a bit, and we claim the correct answer, and then we will verify it. We claim that
the correct choice of I is

1
I=—pd
o paq

This integral is the area enclosed by the orbit in phase space, scaled by 2zw. This is reminiscent of
the Bohr-Sommerfeld quantization from QM.

Now let us prove that this choice of I satisfies the action-angle conditions.

Proof. The orbit in phase space is some region that must have symmetry when reflected across the
g axis, but not necessarily across the p axis. The region is also bounded so that ¢ € [¢q1,¢2]. The
area is a function of the energy in the system. The claim is that % = w. We need to show that

d ( ) 27
el da) = 22
dE ?gp 1 w

Recall that p = \/2m (E — V (q)) for this system. As we change E, we need to see how the integral
change. There are two effects to changing F. The first is the integrand changes for all ¢, since p
depends on E :

8p>

The second effect is that the endpoints q; and g9 are altered, since the system can oscillate between
different points depending on what the energy is.

‘We have to account for both of these effects.

Its convenient to look at these separately. First, let us consider the change in the value of the
integrand.
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We have to compute the integral of the shifted part of p:

%(%)dq‘\/@’g%

Now we note that %mcf +V (g) = E, since ¢ = %—7; = %. Using this, we can solve this for ¢, and

then separate the derivative and integrate both sides:

/dt:/dq\/?\/E—liV(q)

We see that this is very similar to what we have for the integral that we are trying to compute.

This gets us that
Op )
—— | dg=T
§£ <8E !

Where T is the period of the orbit. By definition, T' = %’r This is the outcome of the first effect,
and so we hope that the second effect vanishes.

By inspection, we know that the value of p is very small near the turning points of the system.
Thus, when we shift the turning point slightly, we have a negligible contribution to the integral. We
can show this (in a hand-wavy way). Setting V (¢; + Ag;) = E + AE, we have

V' (¢:;) Ag; = AE

Then contributions to 95 pdq from the region between ¢; and ¢; + Ag; is given by

1/2
qi+Aq; /
/ dg+/2m(E -V (9) ~ | 2m (E =V (4:)) Ag;
@ —_—— ~—
=0 V(ar)

=0

Where we note that the difference between the total energy and the potential near the turning
points is very close to zero. From this, we see that the second effect is negligible®, and thus

d dp
dEygpdq_%(?Edq
o

w

As expected.
O

We have an expression for the action variable, but what about the angle variable? To obtain the

angle variable, we note that
a(t) dp
t—tg= / dq <)
q(to) o

5This is hand-wavy, if we do it out precisely instead of zero, we get something of order (Aqi)2
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We can then write 6 (t):

Setting 6 (to) = 0 by convention:

0(t) =wt
dE d [0
Al dE [,

d i@

dl q(to)

pdq

pdq

Now let us consider the flow in phase space. In the usual (p, q) coordinates, we have some closed
trajectory. In action-angle coordinates, the orbits are straight lines, with periodic boundary
conditions as € wraps around from 27 to 0. Different values of I are different straight lines.

One thing to keep in mind is that we can determine the period of the orbit T from w = fli—l}; after
calculating I (E).

Let us do an example. Suppose we want to find the action-angle variables for simple harmonic
oscillator, and determine the period of oscillation. We have that

2
b 1 2
B
=g T3k

=K

From this, we have that p = :l:\/2m (E — %kaﬂ) We can solve for I:
1
I=— d
2w %p v
1 A ( 1
=—12 2m | E — = 2)
QW[/_A\/m ka d:v}

Where x = + A are the turning points, where £ = %k‘AQ. The factor of 2 is to account for the top
and bottom halves of the orbit, which are symmetrical. We can solve this integral:

=L o (P e

=5 2/, m 5 T T
1 4N 1

= — |2v/2m ka2 — fka:Q dx
27r
1 ﬂ‘ 2

=5 2v2 / WA cosada}
T

:mﬁxﬁ/

—7/2

cos? a da}
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1

s

w/2
= 2VEkmA? / do % + % cos (2ar)
—7/2

1

Where we have used the substitution £ = Asina, and thus dr = Acosa. This tells us that
E=./ %I, and thus w = % = \/%, which is what we expect.

Now we want to find the angle variable. We can do this by computing:

Now noting that

We can then solve for 6:
- /x(t) \/E wdzx
2 ol — %x2
B \/m 1 z(t) dx
Vot [ e

If we define Q%I as a?, we are left with an integral of the form

/ dx
Va2 — 22

Which can be solved the same way as our previous integral, we get an arcsine:

0= \/fw arcsin (g)

. xl
= arcsin
2w
k
. T
= arcsin
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Integrable Systems

We saw that for 1D systems with a time independent Hamiltonian, we could find action-angle
variables, in which one of the variables is cyclic, and the motion in phase space is trivial.

Suppose we now have a system with multiple degrees of freedom. Is it in general possible to do
this? We want to make some transformation such that

H (pi, i) = H (13, 6;)

Such that H (I;,6;) = H (I;), all the 6 coordinates are cyclic.

The answer is that no, this is not possible in general. If such a transformation exists, the system is
considered to be integrable.

Unfortunately, integrable systems are very rare. Generally speaking, if a classical mechanics problem
is solved, it is integrable. In fact, since the harmonic oscillator is integrable, we can map any
integrable system to the harmonic oscillator.

We can also discuss Liouville’s theorem on integrable systems, which relates the number of constants
of the motion to the integrability of the system.

Theorem 2.5. Liouville’s Theorem on Integrable Systems. In an n-dimensional system, if
we can find n independent mutually commuting constants of motion, (I1,Is, ..., 1I,), the system is
integrable.

This tells us that every 1D system with a time independent Hamiltonian is integrable, since the
energy is a constant of the motion.
Adiabatic Invariants
Consider a 1D system with a time independent Hamiltonian of the form:
2
p
H=—+V

5 TV (@)

Let us once again assume that the motion is bounded, ¢ € [q1, ¢2].

Let the potential depend on some parameter A, so that V (g, \).

We want to explore what happens as we vary A very slowly (“adiabatically”) with time. We define
adiabatic variation to be when % < %, where T is the period. The change in A over the timescale
of 1 period of the system is negligible.

The first thing to notice is that E is no longer constant, V' has A dependence, which has explicit
time dependence. The change in energy over time is given by

5 _ (24
dt ot/ ,,

-(5),, (%)
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We have seen that E is not conserved, but there are specfic combinations of E and A which remain
approximately constant as A is slowly changed. These combinations are known as adiabatic
invariants.

For this system, we claim that the adiabatic invariant is

1
o

I pdq

As we shift )\, the area of the orbit in phase space remains constant. The orbits don’t strictly close
any more, but we can approximate them to be closed to very good approximation, since \ varies
very slowly. Now let us show this. In general, the orbit depends on E and .

We can consider the change in I:

sr= () ap (7 sy
A E

0 oA
. ( ol > dE (8] > dA
I=\z—=) —+ |5 —
oE/, dt N/ p dt
Recall that % is related to T, (%)A = ﬁ = % We also know that % can be written as

previously derived, in terms of the derivative of the Hamiltonian and %. From this, we have that
pTO () ] (o
2m ON/ g dt ON/ p dt

Now looking at the second term, this is the rate of change of the area with respect to A, with F

held constant.
(53),= 2 (53 pra)

()
_27T 3)\ E.,q 4

Where we have moved the derivative inside the integral by neglecting the contribution of the
endpoints. Now we note that we know p in terms of E:

p=/2m(E -V (\q)

oM oM oM
- (M) e () ape (7Y o
g ), \ap ) PN,

For the case where dE = 0 and dg = 0 (since thats what we want in the derivative of p wrt \), we

have that
(%) (5) ,+(5)
8p @A (9)\ ¢.E (9)\

Going back to (%), we can do a change of variables to a time integral:

(5), -4 (%), 4o
N g 2m J\ox/, p dt

We know that

=0
P
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1 (87—[)
=—— —_— dt
2w o pa

(N
1 (3%) it
2 0 8)\ P.q

Where we have used the fact that % = (%—7;) K and we have used the relationship derived above
q7

to replace the integrand with (%)p . Now putting the two terms together, we have that

] \ T(N)
=2y <3H> _/ (‘”‘) it
2T (9)\ p.q 0 8)\ P.q

Now we note that if we could pull the integrand out of the integral, these two terms would exactly
cancel. Up to this point, we have not leveraged the fact that A is slowly varying (other than assuming
that the orbit closes to good approximation). Now we argue that in the regime where X is varying
adiabatically, these two terms approximately cancel.

Let us compute the change in I over one period:

) |
AI:/ Idt
0
TN \ (N
[k () () W
0 2T (9)\ P.q 0 a)\ p.q
T(\) T(A) (X
= L ()\) / dt@ (87—[> — ) / dt@ dt (87{)
2T 0 o\ P.q T()\) 0 dt 0 o\ P.q
_TW /T“) a D () /TW (24)
- 2T 0 dt 8)\ T()\) 0 8A p.q

_ T /”*’dt (Z4) (2. 2%
o2 o N/  Ndt T (N)
dx AN

We now argue that if we are changing A slowly and smoothly, 7 — Ty = 0 over the timescale of
one period. We can work through this by Taylor expanding:

dX .

If we look at the condition for adiabaticity, we have that

AT

Because of this, the higher order terms in the Taylor expansion do not contribute, and thus % = %

(since AT over one period is T'), and thus the integrand is zero. From this, we have shown that
I = % $ pdq is a constant of the motion, and is therefore an adiabatic invariant.
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Electrostatics

We begin our discussion of electrodynamics with electrostatics. The force between two charges
satisfies Coulomb’s Law:

_dn *—*
dmeg |x — o1 |3

Where F' is the force on ¢ from ¢, and gg is the permittivity of free space. In order to mitigate
having to write this prefactor everywhere, we define k = which is 9 x 10° Newton meters
squared per Coulomb squared.

_1
dreg”?

Electric Field and Scalar Potential

We now introduce the electric field. Consider a system of n charges, qi,...,qn, located at
&1,&2,...,&,. The force of these n charges on a charge ¢ at location «x is given by F = ¢FE (x),
where

E(:L'):Z 1 T —x;

- 47750% |z — ;|3

Note that there is no force exerted on ¢ by itself (there are no self forces). Suppose we have a
continuous charge distribution:

E'(:c) 1 /d?’x’p(x')’w_m/

ey x— |

Where p (x) is the density of charge at point @. For discrete charges, p(x) is a sum of delta
functions:

pxr = Z ¢i0% (x — x;)

Now let us show that the electric field can be written as the gradient of a scalar potential:
E=-V¢

Where we define the scalar potential as:

¢($) _ 1 /d3m/ ,0($,)

 4meg |z — /|

Note that everything in the scalar potential depends on x’, except for the denominator, so what we
really care about is

1 1
\%

ERE Vi@ =)+ (y—y)? + (= — )

Let us consider only the z component:

v

ﬁ 1
0 \J(w =2/ + (y—y)* + (2 — )°

2(x—2a)
(=2 + (=) + (2= 2)]

1
2 3/2
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x—x

B |z — /|3
Repeating this for the other two coordinates, we see that:

1 r—x

|z — | :_|:I:—:1:’|3

Thus, we have that the gradient of the scalar potential is:

Vo (x) = —47r1€0/d3:c’p (') V [1}

|z — 2|
1 Tz —x
— d3 / !/
47750/ 2'p () |z — '3
=E(z)

We see that we can indeed find E from a scalar-valued potential function. This means that we can
contain all of the information about the electric field from just this one function, which simplifies
things.

Since the curl of a gradient is always zero:

VxE=0

By Stoke’s theorem, integrating the electric field around a closed path will give zero:

ygE‘dl:O

From this, we find that the integral between two points is independent of the path (since we can
choose two paths between a and b, and the total integral must be equal to zero, so any two paths
must cancel out exactly):

®2
/ E - dl is path independent
@

Charge in an Electric Field

Now let us consider the energy of a charge in an electric field. Consider moving a charge g from x
to &2 quasistatically, very slowly, so there is no change in kinetic energy. The work done to move
the charge is given by:

T2
W = / dx - Fext
1

The external force is just strong enough to overcome the electric field, so we say that it is equal and
opposite to the force due to the electric field, Fext = ¢V ¢:

T2
W = / dm . Fext
1
xr2
—q / dé (x)
I
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=q[¢(x2) — ¢ (x1)]
Where we have used the fact that V¢ - de = d¢, which can be shown by expanding the gradient:

0@% 5¢A 3¢A

From this, we see that multiplying by the vector dx, we get d¢ (x).

If the electric field vanishes at infinity, we can set the potential at infinity to 0. If we do this, then
the potential energy of a charge at x is given by q¢ (x).

Poisson’s Equation

Consider the divergence of E:

1 . T —x
E: 3/ !/ <7>
v 4F50/dwp(a:)v e

There is a useful identity that we can apply here:

V-(pA) =V - A+yV- A

We can apply this identity, with ¢ = and A =x —x:

- |m :l:/|37

V.-E= !

pp— /d3zc’p (x') [MV (x—a')+ (z—a')-V <::3—191r,"|3ﬂ
:47350/ { ’|3 _m,)‘<_|w—3x’]2v<w—lw’\)ﬂ
- 477150/d3 , [|m 2P Ch <|ac _3q,-/|2 |;__5\3)}

=

1
— d3 /
471'80 / * P

=0

")
|z —w’\?’ |lx — /|3

Where we have used the fact that V- (x — ') = V - & = 3, and the fact that V (w?’) = 392V,
and we choose ¢ = 1/(x — a’).

However, we know that the divergence of E is not zero, so there is a loophole that we have to
fix. What we have neglected is the singular point @ = &’. Consider the integral (note that we are

integrating wrt «, and not x’)
3 1
=[ &’V - (V——
v x| — 2

Where V is a spherical volume centered around x’. If x is a point on the surface of the sphere, then
x — x’ is the unit vector 7 pointing from the center of the sphere to the point on the sphere, times
the radius R of the sphere, x — ' = RA.

Let us apply the divergence theorem to this volume integral, converting it to a surface integral:
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I:/d3xV~(V1 )
v x| — 2
. 1
—/dsn-V(>
s |z — 2|

Where S is the spherical shell centered at ', and 7 is a unit vector pointing in the direction of

the element ds. We now note that 1 = x;f/, and the radius must be | — @'|. If we now take the

gradient:
1
= fonv(Lt)
S |z — |
r—x
— | dsh. 2=
/SS” PR

1
:—/ds
s |z—a?

Since the result is independent of R, we must have

\% ( ! ) = —475° (:c — :1:')

|z — @]

This explains why we got 0 in our first derivation, since this is zero at all points other than x = x’,
and we were not careful about that singular point.

If we now look at V - E:

Which is the differential form of Gauss’s law, as we expect:

v.E="
€0

We also know that E = —V ¢, so we have that

vip=-L
€0

For the special case of p = 0, we recover Laplace’s equation:

V26 =0
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Gauss’s Law

Let us now derive the integral form of Gauss’s Law. We begin with the differential form, which we
derived above:

Integrating this over some arbitrary closed volume:

/dSmV-Ezl/dgmp(:c)
1% €0 Jv
—_———

Qenc

The right hand integral is the total charge enclosed in V. The right side can be written as a surface
integral using the divergence theorem:

/d3:cV~E:/Sds (h- E)

Where 7 is the outward normal vector to the surface element ds. This integral is the total flux of E
through the closed surface S, and we have the relation:

/dsE-ﬁ _ Qenc (8)
S

€0

This is the integral form of Gauss’s Law, it relates the flux of the electric field through a surface to
the total charge enclosed by the surface.

Let us do a couple of examples. Suppose we want to determine the electric field of a point charge ¢
using Gauss’s Law.

We consider a sphere around the point charge, of radius R. The charge enclosed is q.
§I§E cdn=1L
€0

The magnitude of the electric field will be the same for all points on the surface of our sphere, so
E = E#. The unit vector to any point on the sphere is also in the radial direction, i = 7. Applying
this to the left hand side:

anR?E =1L
€0
L q
E=——=
dmeg 2
From this, we obtain the expected:
L q.
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Now let us consider a slightly more complicated example. Consider the electric field due to the
surface charge of a conductor. The first thing to note is that the electric field inside of a conductor
is zero, since the charges inside of a conductor are free to move, and thus move to make the electric
field zero. Essentially, we have no electric field or free charges inside a conductor. This implies that
the charge density inside a conductor must be 0, since V - E = p. This restricts any free charges to
the surface.

We define the surface charge density o (x) as the charge on an area element, over the area of the
element, where the area is infinitesimal.

We have now set up the problem, let us now find the electric field at the surface due to this surface
charge density. To do this, we consider a “pillbox” of area AS and infinitesimal height at the surface.

We assume that the area of the surface that we contain is small enough that the surface charge
density cannot vary that much:

Qenc = 0AS
Writing down Gauss’s Law:
%E ‘nds = Q
€0
- (o29)
=— (o
€0

Note that the height of the pillbox is infinitesimal even compared to the area of the pillbox, which
is also infinitesimal. The bottom surface of the pillbox does not contribute to the flux, because it is
inside the conductor, and E = 0. The sides don’t contribute because the height of the pillboxe is
negligible, and thus only the top contributes to the surface integral. Thus we are left with

E - -AAS = iUAS
€0

The normal component of E is given by

. o
E-n=—
€0

What about the tangential component of E?

Consider an infinitesimal rectangular loop. Recall that the integral of the electric field along the
entire loop must be zero, ¢ E - dl = 0. We can neglect the sides of the loop, since we make them
infinitesimally small compared to the width of the loop. The contribution from the bottom vanishes
because it is inside the conductor, where E = 0. Thus we have that the overall integral, which is
equal to just the contribution from the part outside of the conductor, must be zero, and thus the
tangential electric field outside of the conductor must also be zero. The tangential field is the field
parallel to the surface of the conductor.

Thus we have shown that near the surface of a conductor, the electric field is solely perpendicular
to the surface, and is given by

. O
E - 7=—
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Uniqueness of Solutions of Poisson’s Equations

We often have to solve Poisson’s equation in a region with boundaries. We now want to show that
if Dirichlet or Nuemann boundary conditions are imposed at the boundary, the solution that we
obtain is unique.

We go about proving this by contradiction. Poisson’s equation is of the form:

vig= L
€0
Suppose that this has two solutions, ¢1 and ¢ such that ¢1 # ¢o. We also suppose that these two
solutions both satisfy the boundary conditions of the system:

Vig = -2
€0
V2 = -2
€0

Now consider the function U = ¢1 — ¢o. This necessarily satisfies Laplace’s equation:

ViU =0
We can now consider the quantity:
/ BxUVAU
1%
Since V2U = 0, this quantity must also be zero. We can rewrite the integrand:

/d3wUV2U=/ &’z [V - (UVU) — |VU|?]
|4 \4

Now setting this equal to zero and splitting the integral into two parts:

/d%v.(UVU):/ Bz |VU|?
\% \%

Now applying the divergence theorem to the left side:

/Sdsﬁ-(UVU) :/dsU(ﬁ-VU)

For Dirichlet boundary conditions, the value of ¢ is specified at the boundary S. If we impose these
conditions, then U must vanish at the boundary, so

/ Bz |VU* =0
14

This implies that U is a constant throughout the volume V', but since U vanishes at the boundary,
this means that U is zero everywhere, which means that ¢; = ¢, giving us a contradiction.

In the case of Neumann boundary conditions, the value of V¢ - 71 is specified on the boundary. In
this case, n- VU = 0 on the boundary, and by the same argument as in the previous case, U must
be zero everywhere, once again providing us a contradiction. Thus we have that the scalar potential
¢ is unique up to an additive constant.
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Electrostatic Energy
Consider a charge ¢, located at @1. The potential at a point  due to x; is given by

_ e
dmeg | — 1|

Now suppose we move another charge from oo to 2. The potential energy is
W = q¢ (1)

1 q1q2
dreg |x2 — 21|

If we now bring in an additional charge from infinity to x3:

_ 1 [ 7192 9243 9391
47T€0 ’:Bl—wg‘ ‘CCQ—(B?)‘ ‘.’33—501’

This immediately generalizes to an arbitrary number of charges:

W=y

sl 471'60 ]:I:Z—sc]\

Which we can rewrite as

The condition i # j removes the self-energy terms.

For a continuous charge distribution p () :

=3 /d3 /d3 /p\:c—w’|)47reo
— [ Par@)o@)

Where we have substituted in the definition of the potential. If we take this expression and insert a
rewritten form of Poisson’s equation:

W= —;z-:o/d?’w(b(:c) V3¢ (x)

If we integrate this by parts, while assuming that the field vanishes at infinity:

1
W = 250/d3w|V¢\2

1
= 50/d3m |E|?
2
Which gives us the energy density of an electrostatic field:
1
= —¢o| E|?
S<ol ]

Note that the energy density is positive definite, while the expression for discrete charges is not,
because the energy density includes the self-energy.
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Force on a Conducting Sphere

We can obtain the force on a conducting surface in two differeny ways. The first is to look at the
energy change from a virtual displacement, and the second is directly from the electric field.

Let us first consider the energy change from a virtual displacement. The energy density is w =
%50|E 2. At the surface of the conductor, E = =, and is directed normal to the surface. Consider a
smalll displacement Ax of an element AA of the conducting surface, in a direction normal to the
surface at that point. The change in energy will be given by:

Aw = —%O\E\QAAAx

1
= ——?AAAx
250
The force is given by F' = —g—g’, and therefore we have that
2 ].
F=0"AA—
280

and the force is directed outwards from the surface of the conductor. We can also compute the force
per unit area:

The net force on the conductor can be obtained by integrating this over the surface.

The second method is to determine the force on the area element AA:
F = (O’Aa) Eext

Where the external electric field Foy is the electric field of the conductor after the contribution
from the element AA has been removed. This contribution is given by:

o
By = —
self 260
The total electric field is the sum of these two fields:

Etotal = Eself + Eext

From this, we find that Fey = ﬁ Thus we have that

_F

- AA
1 2

_27500

f

We see that we arrive at the same result as the energy argument. Always remember that when you
are calculating forces directly, we must remove the contribution from the self force, since nothing
can accelerate itself.



3.8

3.9

Hersh Kumar

PHYS610 Lecture Notes Page 101

Capacitance

Consider an isolate conductor carrying a charge ). The capacitance C' is defined as:

c-¢

¢
Where ¢ is the potential. If the capacitance is large, the conductor can store a lot of charge, even
though the potential only changes by a small amount. The value of C' depends only on the geometry
of the conductor.

Capacitance for the case of two conductors carrying equal and opposite charges is defined as the
ratio of the charge on one conductor to the potential difference between them:

_Q
“= 3¢

Boundary Value Problems

Consider a grounded conducting sphere of radius a (so the surface potential is zero). We have a
charge g outside the sphere at some point y relative to the center of the sphere. We want to find
the potential outside the sphere, at some arbitrary point «.

To do this, we use the method of images, we want to place a charge ¢’ somewhere and replace the
sphere, which will simplify the calculation. We have two constraints on where we can place the
charge. The first is that it lies along vy, since that is the only axis that is important to the problem,
everything else is symmetric. The second constraint is that the image charge must be placed inside
the sphere.

In general, the potential ¢ () at x will be:

1 q q
¢ (@) = e [|a:—y| + |a:—y|}

1 { - : }
= = T = =
dreg Llxn —yn/|  |zh + yi/|
Where we have replaced the magnitude of vectors with their non-boldface forms, and 7 is the unit

vector from the center of the sphere to x, and 7/ is the unit vector from the center to the external
charge.

We now introduce the boundary condition constraint, ¢ (x = a) = 0, the potential at the surface of
the sphere must be zero:

¢ (r=a) L [ qy + ¢ ]

~ dmeg [aln— L[yl — 24

|o

>. This is how we set our
ution:

In order for this to be zero, we make the choice that 4 = —Z—i, and ¥ =
choice for where the image charge is placed. This gives us the general so

NS P

" dmeg ||z — vl ;’ _Z%y‘

—_—<

From this, we could find the electric field, using E = —V ¢.

This is the simplest case of the method of images.
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Green’s Function Method

The Green’s function method allows us to more easily solve boundary value problems, as well as
expand the set of boundary values that we can deal with.

We begin with an ordinary differential equation:

y'+y=f(x)
We set our boundary conditions such that y =0 at x =0, and y =0 at z = 3.

The strategy to solve this is to introduce a function g (x,z’), that satisfies a slightly different version
of this equation, where we introduce a new variable z':

d’G

Tz tG=0(=a) G (2,2) om0z =0

We then use this function to solve for y (z):
w/2
y () :/ G (x,x') f (;U') dx’

0
We can check that this is valid:

/2 a2aG
y”+y:/0 {W‘FG}JC(I',) dl’l
/2
—/ 5(m—x’)f(a:’) dx’
0
= f(z)
We can also see that inserting x = 0 or # = § matches the boundary conditions.

Essentially, we determine the function G (z,2’) for all points 2/, and then aggregating all of these
by integrating over 2’ to obtain y (x), and scaling by the value of the Green’s function at each point.
This is essentially solving the ODE at every point, and then superimposing the different solutions
together.

Thus, in order to obtain y (), we need to find G (x,2’). The claim is that finding G is easier than
solving the original ODE.

We begin with our differential equation:

d*G
W‘FG:(S(ZL'—.%'/)

We know that away from 2/, this is a homogenous equation:

’G

Which has the harmonic oscillator solution, G = Asin () + B cos (). Thus the only case that we
need to worry about is the case where = 2’. Since we have a discontinuity at = = 2/, we treat the
Green’s function as a piecewise function:

G- {G< =A_.sinx + B.cosz z <2’

G- = A.sinx + Bscosz x>
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We now apply the boundary condition that for x = 0, G-(0,2’) = 0, which gives us that B = 0.
We apply the other boundary condition, at z = 7, we have G~ (7/2,2') =0, so A> = 0.

Now we enforce continuity, so G< (2/,2') = G (2/,2):

A_ sin (a:') = B- cos (az')

To get a second equation, we integrate our original equation across a band around z’:

x’—i—a 2 q;/-l,-g
/ [%4—6’] dx:/ 5(x—x’)d;1:

I_g I_g

e aG

dx |z:az’+5 - dr |x:z’—5 =1
—Bs sin (2') — A< cos (2') =1

Where the integral of G vanishes over this small region because the contribution will be of order &.

We now have two equations of the two constants, and thus we can determine them:

Ao = —cos (x') Bs = —sin (x')
This gives us the Green’s function:

: / /
—sinzcosxy’ x <
/
G (z,a') = ) ,
—coszsinz' x>uw

We can now compute y () :

y(x) = /W/Q da' G (z,2") f (')
Ox /2
:/0 dz’' G~ (x,a:') f (;1:') +/x dr’ G (a:,:c') f (x')
Which is the solution to our differential equation.
Now let us apply this method to electrostatics problems.
Consider a point charge q. We claim that the potential from this point charge can be interpreted as

the Green’s function of V2. We can see this a little more clearly by looking at Poisson’s equation:

V2¢:—p

€0

__g?, )
= 605 (ac :v)

The potential from a point charge is given by:

b(x) = — 1,|

e |l —x
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We want our Green’s function to satisfy:
V3G = —4r6® (@ — a')
Where the —47 is convention. If we take this convention, we have that

N 47‘(’80

G(:c,az’) = o (x)
_ 1
e -]

Now let us consider a general potential, generated by some general charge distribution. We can
see that we can use the Green’s function to generate this out of a superposition of point charge
potentials:

b (x) = 1/d3m’G (x’m/) p ()

4 €0

— 1 /d3$C/ p(il))
dmeg |z — /|

To recap, in the case of the ODE, we solved y” 4+ y = f (z), and in the case of the Poisson equation,
(z)

we solved V2¢ = —%. We then wrote these in terms of a Green’s function:

Which produces the standard result.

G'"+G=6 (J: — x') V3G = 4763 (:I: — :B’)

We then solved for the Green’s functions, which was piecewise in the case of the ODE, and was
1/|x — «'| in the electrostatics case. We then used the Green’s function to solve for the solution to
the differential equation:

y = /dx’f (2') G (z,2) l/d%/G (z,2') p(x')

4 <)

Recall the case we solved using the method of images, where we have a point charge outside of a
grounded conducting sphere:

6 () 1 q aq 1

e lz—a'| |2|

a? .
xr — 7|wl|2 X

We know that this satisfies the Poisson equation:

Vi = g (z — ')
€0

With ¢ (|jz| = a) = 0.

We choose g = 4meg to get the Green’s function:

1 a 1
lz—a'| ||

G(ac,m’):

a? ../
m—WZD
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Which we can now apply to a generic charge distribution outside the sphere:

/d?’w G (m, a:') P (:B')

1
N 47T€0

¢ ()

Essentially, we are able to solve a particular case using a point charge, and then apply it to a general
charge distribution in the same situation.

Theorem 3.1. Green’s Theorem For two scalar functions ¢ and ¢:

/V (6929 — ¥V2) dx = 95 (6(Vip-2) — (V- 7)) ds

S

Proof. We can compute the two terms in the left integral:

Vi) =V - ($VY) = V- Vi
YV =V - (pV§) = V- Vo

We can now subtract these two terms:
oV — V2 =V - (V) — hV §)

We can now integrate this over the volume, and then apply the divergence theorem, and we achieve
the desired result. O

How do we use this theorem? We choose ¢ to be the potential that we are looking for, and we
choose 1 to be the Green’s function:

=G (:U, :U’)
Such that
V3G = —4n6* (z — 2)

Where the boundary conditions will be specified later. Using Green’s theorem:

[ [0@) VR0 @)~ 0 () 0 )] ' = [ [o(@) (V0 () 1) v (&) (Vo (&) - )] a

S

From this, we have that the potential is given by

/V p (@) G (@2) da' + /S G (@) (Vo () - 7) — ¢ () (VG (/) - 7)] d

This is our key result.

1
N 47[‘60

¢ ()

We can now consider the case with Dirichlet boundary conditions, Gp = 0 for 2’ € S, so the volume
integral vanishes.
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In the case of Neumann boundary conditions, we could guess that V'Gy (x,2’) -7 =0 for 2’ € S,
but this gives us an inconsistent solution. Instead, we choose

V"GN (w,:v') = _am
s

Which gives us

1
4dmeg

o (x) = ($)g + /V p (@) G (@) dal + 72 Gy (@', @) (V' (') - #') ds’

Where (¢) ¢ denotes the average of the value of ¢ on the surface S. If one boundary surface is at oo,

then usually (¢)g = 0, and that term vanishes.

It can be shown that in general, G (', ) = G (x,x’), which is a good way of checking whether the
Green’s function is correct.

Let us do an example. Consider a grounded, conducting sphere, of radius a, with a thin insulating
band around its center (at z = 0). The upper hemisphere is kept at a potential +V, and the lower
hemisphere is kept at potential —V. We want to find the potential outside of the sphere.

We are working with Dirichlet boundary conditions, so we know what our potential will look like:

/Vp(x’) Gp (z,o) &’z — 417T/¢(a:’) (V'Gp (m,a’) - 7) ds’

Since the sphere is conducting, the charge density is zero, so the first term vanishes. We also replace
the unit vector A’ with the radial component, —#" (note that this points inwards).

1
N 47‘&'80

¢ ()

We know the Green’s function, which is the same as the usual conducting sphere, except we rewrite
it in spherical coordinates:

_ 1 a
x|

Gp

2
a /

L — —o&
r/2

,r/

We now put these together to solve for the potential. In spherical coordinates:

l& —a'| = /72 + 12 — 2r1' cos

Where 7 is the angle between the two points, and cosy = 7 - #. We can also use the definition of
the radial unit vector:

cosy = cos 6 cos 0 + sin @ sin ' cos (¢ — ¢')

We can also compute the derivative of the Green’s function with respect to r':

dGp —r’ +rcosy ngl — 7 CosY
dr' (r2 + 2 — 2ry’ cos )/ i r2r’2 2 / 3/2
v (T—i-a —2rr cosy)
Plugging these all in:
1 a? (r2 — a2)
6@ =4 b o a0 4oy
AT Js ( ) (r2 + a? — 2ar cos 7)3/2
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= —VGQ (r2 _ a2) /27T d¢’ /1 dcos @’ 1
4dma 2 4 02 _ 3/2
0 0 (a® + 12 — 2ar cos~)

V2 2 _ 2 2w 0 1
_W”a)/ d¢,// dcost) .
0 1 (a2 /

dma a? —r? — 2ar cos~)

In the case where r > a, we have that

Var? 3a
¢ (x) = gy T—4(27r) cos 0

= g (gf‘/cos@

Which is just the dipole, which we expect from the long distance limit.

Orthogonal Basis Functions

When the geometry of a problem is simple, we can use the method of images to obtain the Green’s
function. In complex geometries, this is often challenging. For example, consider a configuration
with two conductors, each of which is an infinite plane. This would require an infinite number
of image charges, which would be very tricky. Instead, we would like an alternative method for
problems like this, which is the method of orthogonal basis functions. We expand the solution to
Lapace’s or Poisson’s equations in terms of basis functions that are dependent on the geometry of
the problem. There are 3 commonly used coordinate systems, Cartesian, cylindrical, and spherical.
We will see how to set up the orthogonal basis functions in all of these coordinate systems.

Cartesian Coordinates

Consider a box whose sides and bottom face have potential 0. We have that the bottom of the
box lies in the zy plane, and the vertical direction is z. The potential at the top of the box is
given by ® = V (x,y). The corner opposite the origin is at (a,b,c), giving the box dimensions
a X b x c. We want to solve for the potential anywhere inside the box. We have to solve Laplace’s
equation in Cartesian coordinates, subject to the boundary conditions that we specified. In Cartesian
coordinates, Laplace’s equation is given by

e 0°® 9D

0
Ox? + oy? * 072

We will solve this with separation of variables, we will look for a solution of the form:

N

¢(r,y,2) = X (2)Y (y) Z (2)
We substitute this into our equation, and then divide by qAS, giving us:

ifx+lfy+lﬁz
X de?2 Y dy? 7 dz?

=0

Where the derivatives are now total derivatives. We can rewrite this:

1 d’X L1 2y  1d*Z
X de?2 Y dy? Z dz?
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We see that the left side only depends on = and y, and the right side only depends on z.

Thus we can set the two of these sides to the same constant, which we choose to be —y2. The choice
of the sign comes from experience (or a guess).

We now have two differential equations:

1d*X 1d%Y 5

X d2? Y dy?
14z,
Zd=2 "

We can again separate variables for the x and y equation:

1d°X 5, 1d%

X dzz ) Y dy?

This separates into two equations:

1 d*X 9
——— =«
X dx?

2 ldQY — o2
Y dy?

2

Defining %2 = 72 — o?, we have a total of 3 equations:

1 d*X 5
Xd2 -
1 d*Y 9
vag =’
1d*Z
Zdz

These equations are simple to solve, the z and y equations are just harmonic oscillator equations,
so we get sines and cosines, and the z equation gives us hyperbolic sines and cosines.

We have that X (r =0,z =a)=0,Y (y =0,y =b) =0, and Z (2 = 0) = 0. Because of these, we
have the following solutions:

X(x)zsin(?) nez
Y(y)zsin(%) meE L
Z (z) = sinh (ypm2)

Where v = 714/ (%)2 + (%)2

In order to satisfy the boundary condition at the top of the box, we look for a solution that is a
linear combination of the solutions that we found:

O (z,y,2) = Z Ay sin (?) sin (@) sinh (vpm2)

b
n,m
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The rest of the problem is figuring out what the A,,,, coefficients are.

We first apply the boundary condition ® (z,y,c) =V (z,y):
Z Apm sin (?) sin (%) sinh (Yume) =V (z,9)

This is a double Fourier series for V (z,y), we want to find the coefficients of V (x,y), and then
match them to A,,,.

We use the orthogonality of the Fourier basis functions to determine the coefficients:

a 9 / b ) /
Z ApmOnn Omym sinh (Ypme) = / dx — sin (n 7rx> / dy - sin (m Wy) V (z,y)
nm 0 a b b
si mmy
Anm = ’
ab smh (Ynme) / dx / sin ( b ) Vi@y)

This is the furthest we can get without knowing V' (x,y).
Now let us consider a slightly harder problem.

Consider the same box, with the same coordinate system. We now impose the condition that & =0
on all sides of the box, with the catch that we have a point charge @ in the box, at some point

(20, Y0, 20)-

We want to solve the equation:

V2o - —gm —20) 3 (y — 90) 6 (= — 20)

Away from (xg, yo, 20), we have Laplace’s equation:
Ve =0

We now write solutions for z > zp, and for z < z5. We are allowed to do this, as long as we match
the boundary cases. This is useful because we can reuse the solutions from the previous problem.
We can write out the two cases:

S (z,y,2 < z9) = ZA sin (mm>sin (mb
T

S (z,y,2 > z0) Z A> sin < > sin (Ty) sinh (Ynm (¢ — 2))

Q@

) sinh (vpm2)

We determine the coefficients by matching at z = zg.

We first enforce that the potential is continuous at the boundary z = z:
Assinh (Yamz0) = A, sinh (4m (¢ — 20))

The second boundary condition is determined by integrating the Poisson equation over an infinitesimal
volume that includes the point (xo, Yo, 20). We choose the infinitesimal volume to be in the shape of
a parallelopiped with sides Az, Ay, and Az, with Az < Az, Ay. Poisson’s equation integrated
over the parallelopiped then becomes:

/ V20 Py = @

€0
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We can now apply Gauss’s law to the parallelopiped:
/ V20 d3r = / ds (VO -7)

0P 0b
= /dﬁfdy [az eove =3, |ZO_J

Q

€0

If we move the parallelopiped so that it does not contain the point charge:
/ V2odr = [ ds(V®-n)
/ S/
0P 0P
= /dxdyaz |z0+5 _% |Z0—€
=0

It follows from this that

0d

00 0
& |Zo+8

55 lz0—e = -0 (z —20) 0 (y — o)

This gives us the next condition on the Fourier coefficients, substituting the expressions for @ into
the basis function expansion:

Z [—Aim’ynm cosh (Ynm (¢ — 20)) — A Ynm cosh (*ynmzo)] [sin <7%m) sin (?)} = —25 (x —x0)0 (y — yo)

Now using the same identity as before:

2/Ld g (mm)s, (n’7rw> 5
= = sin in = p
L/ L L nn

Multiplying both sides by a sine of n’ term and a sin of m/ term, then integrating, we find that

Y [ Az 081 G (¢ = 20)) + Ay cosh (mzn)] = 2 sin (P22 sin (2720

Note that we know everything on the riht side, and we denote this as ¢,,,. We have two simultaneous
equations for the A, coefficients, which if solved give us that:

Cnm Sinh (Ynm (¢ — 20))

Asn = .
Yrm SInh (Ypm€)
o Cnm SINh (Ynm 20)
M Ay m sinh (Ypme)

Now that we know what the A,,, coefficients are, we can substitute them into the definition of ®.
We are eventually left with

B (2,y,2) = Z 4Q . (nﬂ'l‘) sin (mrmo) sin <m7ry) <in (mﬁy()) [Sinh (Ynm (c - z~)) sinh (vpmz<)
et a b b Ynm Sinh (Ypme)

Where z- is the larger of the z and zg, and z. is the smaller of the two. This enforces the correct

symmetries of the system and matches the two definitions of ® that we had when we partitioned

the box into two sections.
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Spherical Coordinates

Consider a sphere of radius a, with surface potential given by V (a, 6, ¢) = Vi (0, ¢). We want to
find the potential outside the sphere. To do this, we need to solve Laplace’s equation:

V2V =0
with our given boundary conditions.

We can use separation of variables, and assume that our solution, denoted k, splits into 3 parts:

k(r,0,0) = R(r) P (0)®(¢)

Which can be inserted into Laplace’s equation in spherical coordinates:

11i<2dR> 11 d( dP) 1 1d°®
r2sin?20 ® dg?

2R\ @) T PrEsmeas g

Now we can rewrite this to get multiple equations that are equal to the same constant, as is usually
done with separation of variables. The first equation we can separate out is the ® equation:

1 d*® 9
————=m

O dg?
Where we have chosen the constant of separation to be m?2. This has solution ® = ¢"™?, where m
can be an integer (since ® (0) = @ (27)).
The second equation we can separate out is the radial and angular portions:
1d ( 2dR> 1 d (S- de)+ m?
——|r—)=——=————|sinf— —
Rdr dr Psin6 do db sin? 0
Which can also be separated out into two equations, with a different separation constant, chosen to
bel(l+1):

1 d ( 2dR)_

1 d . dP m?
Psinf df (sm0d0> + sin26 HE+1)

Looking at the radial equation, we have:

e N

R 2dR R_,
dr?2  rdr r2

The solution to this will be some power law, since we have equal powers of r in the denominator:

Tl

Which we can find by assuming the solution is 7™ for some n, and then plugging it back into the
equation to find the conditions on n.
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For the radial equation:

1 d < . dP) < m? )
BE— 60— I(l+1)— —— | P =
sin 0 d6 St db ) sin2 6 0
If we make the substitution x = cos 6:

ddx[(1—952)211+{l(l+1)—1T12]P:0

This is a standard differential equation, it is the associated Legendre equation, and the solutions are
the Legendre polynomials.

When 6 goes from 0 to 7, which is when we are covering the entire sphere with our boundary
condition, [ and m will actually be integers, and [ will in fact be a positive integer, and m will range
from —I to [ in integer increments (taking on a total of 2/ 4+ 1 values).

Let us solve this Legendre differential equation. To start, we consider the case where m = 0. This
corresponds to the case where our boundary conditions are independent of ¢:

S0 Law) 10+ RE =0

The well-behaved solutions are the Legendre polynomials, which by convention are normalized such
that P, (1) = 1. A compact representation of the polynomials is the Rodrigues formula:

1 d

l
= g gt (1)

Py (x)
The Legendre polynomials satisfy an orthogonality condition, and they form a complete basis on
the range [—1, 1], much like sines and cosines in the Fourier series:

f@) =S AR (@)
=0

Where the coefficients can be determined via the orthogonality of the Legendre polynomials.

Now let us return to the case where m # 0. The solutions are now given by the associated Legendre
functions. For positive m:

m/2 am

P () = (=)™ (1 =)™

P (z)

The solutions for negative m are related to the positive m solutions, and therefore they are not
linearly independent. The associated Legendre functions satisfy the orthogonality condition of the
Legendre polynomials, and for every value of m, the P/™ (cos ) e"™? functions form a complete set
of orthogonal functions on the unit sphere. These are the spherical harmonics, and are denoted by

Yim (0,9) :

Yim (0:0) = \/(214; (?il T:L)?zn)! P (cos ) ™
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These have an orthogonality relation:

27 1
/ d¢/ d (COS 9) Y Yim = 0v10mim
0 -1

This is the reason the prefactor is chosen, so that we are left with just a delta function.

From this discussion, it follows that the general form of the potential outside the sphere is given by

’I” 0 ¢) Z Z <alm7'l + blmrllﬂ) Yim (07¢)

=0 m=-I

In this problem, we need the potential to go to 0 at infinity, so the a;,;, terms must vanish, since
! blows up at infinity. In the case where r becomes small (inside the sphere), we would have had

by = 0.

We now impose the boundary conditions at r = a:
blm
=22 gt Yim (0,9)

Now finding the by, coefficients are the same as finding the coefficients of a Fourier series, we utilize
the orthogonality condition. We multiply by Y7 ,:

[ a9 0.0 [Z i (0 qb)] — [ 4%, 0.0)V0 6.0)

lm

From this, we find that

b = al! / dQY;E, (8, 6) Vo (6, )

Taking these and inserting them into the solution for the potential outside the sphere:

V09 -3 Y (4 Vi (6.9) [ 49/ ¥, (0.6) Vo (9.0

=0 m=-1
Let us do another example. We want to find the Dirichlet Green’s function for the inside of a sphere
of radius b centered at the origin, at some point inside the sphere ’.

We have a Green’s function that satisfies the condition:
V3G = 4763 (r — r’)

subject to the condition that G (r,r’) = 0 at r = b, which is the definition of Dirichlet boundary
conditions.

We want to look for a solution that is expanded in terms of the spherical harmonics:

= Z Gim (7”) Yim (07 ¢)
Im
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We can insert this into the differential equation:

d2glm 2 dglm glm} 3 /
2Wim 1) 2y, 0, 6) = —4nd® (v —
%n: { dr? + r dr (F+1) 72 | (0,¢) T (r T)

Multiplying both sides by Y , (6, ¢) and integrating over the unit sphere:

d2gl/m/ 2 dgl/m/ /1 grrm’ % 3 ’
v | 200y gy S —47r/dQYl,m/ (6,9)5° (r — ')
We can write out the delta function, 6% (r — ') = § (r — ') § (cos @ — cos @) 6 (¢ — ¢') /r?, and we
note that the second two terms are 1 when we integrate over the unit circle, and thus we are left
with:

d2 'm/! 2d '/ '/ 4 *
eSS (1) 25— DY (0,6) 8 (r =)

Thus we have an equation that the coefficients must satisfy:

Pgm  2dgim I(1+1) AT o o, ,
dr? rodr  r2 glm:_ﬁYlm(e’(ﬁ)é(r_r)

To solve this, we note that the right side is always zero, except when r = 7/. Away from r = 1/, we
have that

1

gim (’I”) = Almrl + Blmm

In general, the values of A, and B, are different for r > 7" and r < /. For r </, we have A}
and By, , and for r > 1/, we have A and Bj,. We now have to stitch those two solutions together,
across the point where the charge is.

The solution has to be smooth at » = 0, so Blfn = 0. If we now impose the Dirichlet boundary
condition, g, (r) =0 for r = b:

1
pl+1

20+1
By = —Ap bt

Ap W+ Bp, = =0

We now only have two unique coefficients that we have to determine:

) Azt r<r
gim \T) = > 1 p2i+1 /
Alm (’I" — m) , T >

Now we need to stitch these two solutions together at » = r/. Requiring continuity gives us that
< (Y > (]
9im (7“) = Y9im (r)

< S b?l+1
Alm = Alm (1 - W)

We will find the second condition by integrating our differential equation in a small region that
contains r = r’. We do this because we expect something on the left side of the equation to create a
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delta function. The only way for this to happen is for dfl# to be discontinuous, and then the second
derivative term generates a delta function. To make this rigorous, we integrate over a region from
' —ecand r +e:

r'te g,  2dg,, 1(1+1 rte
/ dr( Iim | Z00im _ s )glm>_—4ﬂ'/ dTT—QYl;(G’,qﬁ')(S(T—r’)

- dr? r dr 72 ‘e
dglm dglm

dr 'mte dr

4 *
r'—e - _T%}/lm (9/’ ¢/)

The left side is found by the fact that g, is continuous over the region, so that term over a tiny
region is zero. The first derivative has a discontinuity, but other than that it is also continuous, so
the term vanishes. Finally, the second derivative term remains, since it is singular. We then use
the fundamental theorem of calculus to get the evaluation at the bounds. This gives us the jump
condition at 7 = 7/, if we insert our expressions for g,,:

> (1-1) P < ri(1—1) AT
Az ir +0+1) oy — A, (I ):—ﬁxflm(e,(p)
Now we have two simultaneous equations for the A;,, coefficients.

Now solving for the coefficients, and substituting them back into the definition of g;,,,, and substituting
that into the definition of G (r,r’) :

4 1) 1 1 *
G (rr) - {Z”” 57711 [y = b Vi (7.0) Y1 (0.6), 7 <7

St st ot — gt | i (056) Yim (0,6), 7>
Note that if we flip r and 7/, we see that the two equations switch with each other, along with the

conditions. This will always be true when solving for the Green’s function for Dirichlet boundary
conditions.

The standard way of writing the Green’s function is

47T 1 1 *
G (rr') =2 g rers L«?;H - leH] Yoo (6/.4') Yim (8,9)
Im

Where 7~ is the larger of 7 and 7/, and r is the smaller of the two.

In the limit where b — oo, the radius goes to infinity, we expect this to result in the point charge
solution, since all we are saying is that the potential goes to zero at infinity.

4
lim G (r,7) = 30 oo grkr VY (0.6) Vi (0.0)

b—oo
Im

This should be the Green’s function for empty space:

1
G(T’T’) = | ]

r—r

This turns out to be true, but requires many identities about Legendre polynomials to prove.
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3.11.3 Cylindrical Coordinates
Let us deal with cylindrical coordinates with an example.

Consider an infinitely long cylinder of radius b, aligned so its axis lies on the z axis. The potential
is independent of z, and is given by Vj (¢). We want to find the potential everywhere inside the
cylinder.

We want to solve Laplace’s equation:
V2V =0
With the boundary conditions V (p, ¢) = Vp at p = b.

In cylindrical, Laplace’s equation takes the form:

1a<av> LoV oV

pop\Pap) T RagE T o2

We can immediately drop the z term, since we have no z dependence:

lﬁ( ‘9‘/)+132V_0
pop \"op) " 2 og® ~
9’V 10V 1a2v_0

dp*>  pOp  p* O*

Now by separation of variables, we aim to find a solution of the form V (p, ¢) = R (p) ® (¢). Inserting
this into our equation:

P#R1 1_0R 1 _0%®

2o o o T Y
p? [d2R 1dR]_ 1 d*®
Rld? "Rl ddp®

This separates into two equations:

? [dQR 1 dR} _ e

R Uz "Rap
1d*®
D dop?
This second equation can be rewritten:
e
W + v o = 0

Which has solutions that are sines and cosines:

@ (¢p) = Asin (v¢) + B cos (vo)
= A’sin (vg + a)

Since ® (¢) = @ (¢ + 27), this gives us the condition that v € Z.
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Now let us consider the other equation:

d?R 1dR >
—_—t—— - — = 0
dp* ~ pdp p?

Once again seeing that each term has the same powers of R over the same powers of p, we know
that R ~ p™. Inserting this, we find that R = p” and R = p™"
The general solution is then
> b
V(p,¢) = ao —&—bolnp—i—;anp"sin(mb—i—an) +nle—Zsin(n¢+ﬁn)

Since we care about the inside of the cylinder, we must include the case where r = 0, and thus we
cna throw away the b, and by term, since the log and the p~" explode there. Thus we are left with

Vi(p,¢) =ao+ Z anp” sin (ng + ay,)
n=1
‘We rewrite this as
1 > .
V(pr6) = 50+ > " fen c0s (n6) + dusin (n0)
n=1

At p = b, we impose the boundary condition:

100 + i b" (¢ cos (ng) + dyp sin (ng)) = Vo (¢)

2 n=1

Now we note that this is just a Fourier series for V. We invert this to find the coefficients ¢, and
dp:

Cp = 11 7 do' Vo ((b’) cos (ngb')
T bn 0

do = L1 (7 46 v (o) sin (ne?)
T bn 0

We can start putting these all together, by writing out the potential:

1 2T 27
Vip, o) = 9 /0 de' Vo (¢') + / d¢' Vo (¢') [cos (ng') cos (ng) + sin (n¢’) sin (ng)]
1 2m / / 1 2m / / /
=5 [ @)+ ngﬂg’n/o 46/ Vo (&) cos [ (6 — )]
1 2T , , 0 n )
b V0(¢)[1+2;(Z> cos[n(qﬁ—qb)]]

1 2w

% d¢' Vo (¢') [1 +2 Z (%)n Re [em(d’_(f’/)w
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Now consider:

Re [1 42 Z (%)n em((b_qy)} = Re [1 42 Z z"}
n=1

n=1

Where z = %ei@’*‘ﬁ/). This is a geometric series:

= . 2z
Re [1—1—222 ] _Re[l—i-l_z}

n=1

For |z| < 1. Thus we have that

Re [1 +2 i (g)" ei"<¢—¢’>1 -
n=1

Inserting this into our expression for V (p, ¢), we have that

2
s
2

1= %cos(9— o)+ &

2w

1
Vv (p7 qb) = % 0 dﬁb,Vo (Qb,)

b2 _ p2
b? — 2pbcos (¢ — ¢') + p?

Which is our final solution for the potential inside the cylinder.
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