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Chapter 0

Introduction

In this course we are going to consider a formulation of mechanics (variational
mechanics) that is different from the one in Mechanics 1 (Newtonian mechanics). I
first want to explain why such a formulation is called for, and discuss some of the
main ideas.

Newtonian mechanics

The central result in Newtonian mechanics concerns the acceleration of a particle,
i.e., the second derivative of its position r w.r.t. time. This acceleration is given by
the ratio of the force F' acting on the particle and its mass m, i.e.,

d*r _F

a2 m’
The force F typically depends on the particle position 7; in addition it may depend
on the positions of other particles and on the velocities of the particles involved.
Thus we obtain differential equations that contains both particle positions and their
second (and sometimes its first) derivatives, i.e., second-order ordinary differ-
ential equations.

These differential equations provide a way of determining the trajectories of par-

ticles. However, their direct application can sometimes become messy. Historically,
the first applications where this was felt in engineering and in astronomy.

Variational mechanics

Figure 1: Isaac Newton, Joseph Louis Lagrange, and William Rowan Hamilton.

To simplify the treatment of such complex problems, a variational formulation
of mechanics was developped. There are two different versions of variational me-
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chanics, respectively introduced by Joseph Louis Lagrange (1736-1813) and William
Rowan Hamilton (1805-1865). To explain the key idea of these approaches, let us
consider the simplest case possible: one particle on which no forces are acting.
We then have % = 0, i.e., the particle travels with constant velocity % along a
straight line. Now the important point is that the straight line is also the short-
est connection between two points. Thus, instead of using a differential equation,
we would have obtained a trajectory of the same form if we had postulated that
without forces particles always follow the shortest line connecting two points.

The main idea of variational mechanics is to generalise this simple observation
to more general settings. Our goal is thus to formulate mechanics through a varia-
tional principle: Particles travel on trajectories that extremise (minimise,
maximise) “something”. This “something” is not always the length, and one of
our goals will be to find what it is. In general it will be called the “action”.

Advantages of variational mechanics

The main advantages of the variational approach to mechanics are:

e In mechanics it is often helpful to work in coordinates adapted to the system
we are interested in. For example, if we want to describe the motion of a
satellite in the gravitational field of the Earth, it is helpful to use spherical
coordinates with the centre of the Earth as the origin. More complicated
systems require other complicated sets of coordinates. For example if we
consider a particle moving in the gravitational field of two masses it would be
better to use elliptic coordinates (see Fig. 2). In these coordinates two points
are singled out, corresponding to the positions of the two masses.

Figure 2: Elliptic coordinates.

We shall see that in variational mechanics it becomes particularly simple to
switch between coordinate systems.



e Many mechanical systems have constraints, i.e., conditions where particles or
bodies are allowed to be and where not. A practical example would be a train
that is required to stay on the railroad track. In variational mechanics these
constraints can easily be incorporated by choosing appropriate coordinates,
e.g., by taking the railroad track as a coordinate line.

e Crucially, many areas of mathematical physics are formulated in the lan-
guage developped in variational mechanics. For instance “Hamiltonians” and
“Lagrangians” play an important role in quantum mechanics or chaos the-
ory. Similarly the ideas underlying variational mechanics are important in the
theory of differential equations.

(Rough) outline of this course

In this course, we will first develop the mathematical tools needed for extremisation
problems like the one sketched above (variational calculus). We will then consider
both the Lagrangian and the Hamiltonian formulation of mechanics and several
examples for their use.

Reminder: Chain rule

As a preparation for many calculations in this course I want to remind how deriva-
tives of expressions like

fu(t),v(t), 1)

are evaluated. According to the chain rule, we first have to differentiate w.r.t. the
arguments of f, and then multiply with the derivatives of these arguments w.r.t. ¢.
This yields

d of du Of dv Of
S F(t),0(6).£) = S (u(e), 000,05 + S wle),00), ) + S ld), (),
du dv

Dropping the arguments and setting @ = &, 0 = %7, we can also write

df _of. 0f  Of
i T T

It is important to distinguish between the partial derivative %—{ with respect to

the third argument of f, and the total derivative % where also the t-dependence
of the first and the second argument are taken into account.
An example would be f representing the termperature felt by a person, f de-
noting the time, and u(t),v(t) the position of the person. Then the rate of change
Of the temperature felt will depend on the change of temperature with time (8f )
%I;d on whether the person moves to a warmer or colder place (leading to the terms
il and )
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Chapter 1

The calculus of variations

1.1 Example

4(x) /
U

Ua

X

Figure 1.1: Possible connections between (z1,y1) and (z2,y2).

To introduce variational mechanics, we first need to equip ourselves with the
tools needed to solve extremisation problems. We will start with the simplest ex-
ample: Showing that the shortest connection between two points in R? is a
straight line. Let us denote these two points by coordinates (x1,y1) and (z2,y2) in
a Cartesian coordinate system, see Fig. 1.1. Curves connecting these two points can
then be described through functions y(x) that assign to each z-coordinate between
21 and zo the corresponding y-coordinate. We now have to

e determine the length [ of the curve corresponding to each function y(z)
e and find a y(x) such that [ becomes minimal.

To start with the first task, we split the z-axis into small pieces of length dz.
As seen in Fig. 1.2, this means that the curve is also split into small pieces, whose
length will be denoted by dl. We assume that the pieces are small enough such that
inside each piece the curve can be considered as a straight line. This means that
for each piece we can draw a triangle as in Fig. 1.2 with the width dx, the height
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X X+dx

Figure 1.2: Determining the length of a curve y(z) in R2.

dy, and the length di as its sides. Since the slope of the curve must be given by the
derivative y/(x), dy depends on dz as

d
y(2) ==L = dy =y (@)dz .

We can now determine the length of each piece using Pythagoras’ theorem,

(dl)? = (dz)*+ (dy)* = (1 +y'(2)*)(dx)

=dl = 1+ (x)dx.

To obtain the overall length of the curve, we have to sum over the lengths dl of all
pieces. If we take the limit where the width dx of the pieces goes to zero, this sum
can be replaced by the integral, and we obtain the

Length of a curve in R?

T2
z:/ V1t @)ds .
1

Our task is now to find functions y(z) with y(z1) = y1 and y(x2) = y2 for
which the length | becomes minimal.

1.2 Generalisation

The problem outlined above is the simplest example for a more general type of
variational problems, where we maximise, minimise, or in general look for stationary
points of an integral of a function depending on y(x), v'(z) and z:
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Stationarity problem

K[y] = /  Fe), v @), 2 (1.1)

Find y(x) satisfying the boundary conditions y(z1) = yi1, y(z2) = y2 for which
Ky] becomes stationary.

The stationarity problem considered here are is different from those in Calculus,
where the quantity to be minimised depended only on a single number or on a
vector. In contrast K[y| depends on a function. The mapping from y to K[y] is
an example of a functional. A functional is a function that maps functions to
real numbers. Not all functionals are of the from in Eq. (1.1) (e.g. we might
also have integrals depending on y”(z)), but those of the type in Eq. (1.1) play a
particularly important role in mechanics. Another example for such a K{[y| would
be K[yl = [*(y(2)* + ' ()?)e " du.

To proceed, we have to understand better what it means for a functional to be
stationary. We will define stationarity of functionals in terms of a stationarity
problem we are already familiar with: finding stationary points of a function that
only depends on one variable. As a preparation let us consider a function y.(z)
satisfying our boundary conditions y.(z1) = w1, y«(x2) = y2 and then look at
functions of the type

y«(z) + ah(x) .

Here a is a real number, and h(x) is an abitrary but fixed function that satisfies the
boundary conditions h(x1) = h(z2) = 0. The functions y.(z)+ah(z) then satisfy the
same boundary conditions as y,(z), i.e., y«(x1) + ah(x1) = y1, y«(x2) + ah(z2) = yo.
We can evaluate the functional K with these functions as parameters, and get

Kly. +ah] = / " H(0e(@) + ah(2), 4 (2) + al (2), 2)da (1.2)

which is just a real number. We can now consider the values of K[y, + ah] we get for
different a, and look for which values of a our K[y, + ah| becomes stationary. This
is the type of stationarity problem we are know from calculus. K[y, + ah] becomes
stationary for all a with

d

— K|y, hl|=0. 1.3
Ky, + al] (13)
Now the point a = 0 corresponds to the function y,, since for a = 0 we have
Yy« + ah = y,. For K to be stationary at y, we thus have to demand that (1.3)
holds for a = 0. Since h was arbitrary, we have to demand this for all admissible
functions h. We thus obtain the following definition of stationarity for functionals:

K is stationary at a function y, if

d
%K[y* + ahllg=0 =0 (1.4)

holds for all functions h(x) with h(x1) = h(xz2) = 0.
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1.3 Euler-Lagrange equation

We now want to derive a differential equation that can be used to find functions
y«(z) for which K becomes stationary. To do so, let us assume that the function
y«(z) is such a stationary point, and that it is also differentiable and satisfies our
boundary conditions.

First step: Use (1.4)
If we use (1.2) and the chain rule, Eq. (1.4) turns into

d
= —Kly. h]|a=
0 = Ky +ahllzo

T2
- [t}

1 a=0

2 af , , 8f / / /

1 a=0

We thus obtain

2 fof of

0 =/ == (y(2), Yo (@), 2)h(@) + 2% (Y (@), Yo (2), 2) 1 (2) ¢ d (1.5)

1 ay 5y
which needs to hold for all h(x) vanishing at x; and x2. (At this point, it is also
convenient to drop the stars of y,.)
Second step: Integrate by parts

We would like to simplify (1.5) such that both summands become proportional to
h(z). This is easily achieved if we take the second summand and integrate by parts,

T2
O 1 4
o QY
~~— v

Of e ["d (OFf
= oyl /m1 dx <8y’>hdx
B w2 d (of
-/ i () e
of

Here the term ay,hﬁf could be dropped due to the boundary condition h(x;) =
h(z2) = 0. Inserting this result into (1.5) we obtain

2 r0f  d [0f B
[ G () o -o o
for arbitrary h(z).

Third step: Fundamental lemma of variational calculus

Obviously, Eq. (1.6) is satisfied if the term in brackets vanishes. Indeed the funda-
mental lemma of variational calculus guarantees that this is the only way to satisfy
the equation.
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Fundamental lemma of variational calculus

Suppose that g(x) is continuous, and

/ ” g(@)h(z) =0 (L.7)

x1

holds for all h(z) satisfying h(z1) = h(x2) = 0. Then g(z) = 0 for all z € (21, z2).

Proof: The proof proceeds by contradiction. Suppose that Eq. (1.7) holds for
all h(z) and that we nevertheless have g(b) # 0 for one b € (z1,x2), say, g(b) > 0
(see Fig. 1.3). Due to the continuity of g(x) this implies that we have g(xz) > 0
in an interval around b. We now pick h(z) such that h(z) > 0 in this interval and
h(z) = 0 outside. Then the integrand in Eq. (1.7) is positive in our interval and zero
outside, and the integral must be positive as well. This contradicts our assumption.
Hence the theorem is proven.

%&x}
o (b)

N b k

Figure 1.3: The continuous function g(x) is positive in an interval around b.

The fundamental lemma of variational calculus implies that the term in brackets
in Eq. (1.6) vanishes. We thus see that functions extremising K = fxmf fy(x),y' (), z)dx
have to satisfy the

Euler-Lagrange equation
of 4 (of) _,
oy dx \oy )

If we compare the Euler-Lagrange equation to the stationarity condition for
functions of a single variable, it appears natural to identify the term of the left-
hand side with a kind of derivative. Indeed,

5K of d of

@ Oy dx Oy
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is known as the functional derivative of K, and one can build a whole theory of
differentiation with respect to functions largely analogous to differentiation
with respect to numbers or vectors.! This theory will not be considered further in
this lecture, since the Euler-Lagrange equation is already sufficient for our purposes.

1.4 Solution of our problem

The stationarity problem above was initially motivated by the search for curves
where the length

z2
1= / (1 4y (2))2da

1

becomes minimal. We are now ready to solve this problem. The Euler-Lagrange
equation for f(y,y/,z) = (1 + y?)"/? reads

8(1—!—]/2)1/2 _ia(1+y/2)1/2

oy dx oy’ =0

The summand on the left-hand side vanishes since (1 + y2)!/2

We thus find

is independent of y.

d _
- [(1 +y?) 1/2y/] —0
(14 y?) "2y = const

=
= y' = const .

The only curves with constant derivatives 3’ are straight lines

y(z)=y'z+b.

The constants y', b are now determined by the boundary conditions y(x1) = y1,y(z2) =
y2. To incorporate y(x1) = y1 we set b =y — ¢ - x1. This yields

y@) =y (- 21) +m

and indeed y(z1) = y1. The constant derivative y' must then coincide with the
slope of the straight line leading from (x1,y1) to (z2,y2)

r Y2~
Yy = .
T2 — X1

1.5 Alternative version of the Euler-Lagrange equation

If the integrand f in K does not depend explicitly on x the Euler-Lagrange equation
can be brought to a simpler form, also known as the Beltrami equation.

'See, e.g., Arfken, Mathematical Methods for Physicists or Gelfand and Fomin, Calculus of
Variations.
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Alternative version of the Euler-Lagrange equation

If f = f(y,y’) the Euler-Lagrange equation turns into

= a—y,y' = const

(where ”const” means that f — %y’ does not depend on x).

Proof: Just use the chain rule to compute the total derivative of f— g—zf,y’ w.r.t.

A (,_OF \_0fdy ordy (d oy, ofdf
dx oy’ v)= Oydx Oy dx dz Oy’ oy’ dx

Here the second and the fourth summand cancel. If we use the Euler-Lagrange

equation %g—; = g—i we see that also the first and third terms cancel, and we have

d af ,
dx < B _Z?y’y> 0,
as desired.

Note: In contrast to the original Euler-Lagrange equation, this is a first-order
differential equation. It is typically much easier to use, since we can save the labour
of taking derivatives w.r.t. y and z.

If we apply this formula our problem of finding the curve y(x) with minimal
length [ = f;f(l + 9/ (x)?)Y/2, we find

(1+y?)Y? — (1 +y*)~H?y? = const = y = const

as before, i.e., we again see that the shortest connection between two points is a
straight line.

1.6 The brachistochrone

Figure 1.4: Johann Bernoulli, Isaac Newton, Gottfried Leibniz, Guillaume de
I’Hopital, and Jakob Bernoulli.

A classical problem in the calculus of variations in the brachistochrone prob-
lem (from Greek (pxoi(Tos xpovos, which means ”shortest time”). The brachis-
tochrone problem was posed by Johann Bernoulli (1667-1746) in Acta Eruditorum
in 1696. He introduced the problem as follows:-
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I, Johann Bernoulli, address the most brilliant mathematicians in
the world. Nothing is more attractive to intelligent people than an hon-
est, challenging problem, whose possible solution will bestow fame and
remain as a lasting monument. Following the example set by Pascal,
Fermat, etc., I hope to gain the gratitude of the whole scientific commu-
nity by placing before the finest mathematicians of our time a problem
which will test their methods and the strength of their intellect. If some-
one communicates to me the solution of the proposed problem, I shall
publicly declare him worthy of praise.

Solution were given by Isaac Newton (1643-1727), Gottfried Leibniz (1646-1716),

Guillaume de I'Hopital (1661-1704) and Jakob Bernoulli (1654-1705, brother of the
above).

YA
(o 5

(0,~b)
Figure 1.5: The brachistochrone problem.

The problem is to find the ideal form a a slide, such that a mass m that is
initially at rest at the origin (0,0) can be brought down to a point (a, —b), b > 0 in
the shortest time possible, see Fig. 1.5. It is assumed that the only force acting on
the mass is gravity; there is no friction. The optimal form of the slide should then be
represented as a function y(z) that assigns to each x coordinate the corresponding
height y.

Among all possible paths between (0,0) and (a, —b) the straight line would have
the shortest length. On the other hand, the mass is the faster the lower it is since
then more of its potential energy has been converted into kinetic energy. We thus
expect that a slide where the mass goes down quickly (e.g. from (0,0) to (0,—b)
and then to (a,—b)) will be a good choice as well. One might guess that the optimal
solution should lie somewhere in between these possibilities.

Find time ¢ for given y(z)

To solve the problem, we first have to find the time ¢ the mass needs to arrive at
(a,—b) as a functional of the curve y(z). To get this time, we again split the curve
into pieces. As we have seen in Section 2.1, the length of each piece is given by
dl = (14 %/(x)?)"/?dz. The time dt the mass spends in each piece is then given by
dt = % where v is the speed of the mass. This speed can be inferred from energy
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conservation. At the starting point (0,0) the mass neither has potential nor kinetic
energy. At a later point at height y < 0 the potential energy is mgy, and the kinetic
energy has increased to %vz. Energy conservation now implies that

1
E:O:mgy+§mv2

= v = (—2gy)"*.

Using this result for the speed and the length di calculated above we obtain the
time spend in each piece of the curve as

- <1+y'<w>2>”2
v —2gy(x) '

If we integrate over dt we see that the travel time of the mass is given by

=f

Find minima

We now have to find the curve y(z) for which ¢ becomes minimal. To do so we use
the alternative version of the Euler-Lagrange equation

of
— =Yy = const
f Y
If we insert the f given above, we obtain

1+y/2 1/2 B %(1 +y/2)—1/22y/
—y (—y)t/?

= const

y' = const

1
(=21 +y2)1/2

Thus the term (—y)(1 + %) in the denominator must be constant. If we denote
this constant by 2R we obtain

2
1+y/2:_R
9 1/2
- y'=$< R_;y) (18)

At least initially, the sign above must be negative since we would expect the mass
to fall down. We have thus obtained a differential equation giving the derivative 7/
as a function of y.

Solving the differential equation

We solve the differential equation by separation. We thus write v’ = Z—:yc = % =dx
and then integrate on both sides. In our case the integration limits have to be 0
and a for z and y(0) = 0 and y(x) for y. We thus obtain

y(@) g x
/ —Z,J:/dj’::x
0 Yy 0
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and, inserting the formula for 1/,

y(x) —y 1/2
_ = . 1.
/0 <2R + y) W=z (1.9)

To proceed we need to evaluate the integral over y. This can be accomplished with
the trigonometric substitution

y::—stm?g (1.10)

Note that in the beginning of the curve we must have y = 0 and thus § = 0.
Differentiation now yields

g 6
dy = —2Rsin 5 cos 5(19
and the denominator in Eq. (1.9) simplifies to
6 0
@R+yw@:@Ru—ﬂ§§»V%=@mW%%§

If we substitute all these formulas into Eq. (1.9) we obtain
0(x) 0 0(x)
x = 2R/ sin? §d0 = R/ (1 —cosf)dd = R(0(z) —sinf(z)) . (1.11)
0 0

Result

One could attempt to solve (1.10) and (1.11) to get y in terms of x but it is easier to
represent the solution curve in parametrised form, leaving both x and y as functions
of 6. Indeed (1.10) and (1.11) boil down to

z(@) = R(0—sin0)
y(@) = —2R Sin2g = —R(1—cos®) (1.12)

A plot of the resulting z(#), y(#) is shown in figure 1.6. We see that for § =
0,2, 4, . .. the coordinate y reaches zero whereas x is equal to 0,27 R, 47 R, .... At
these points the curve has a cusp, and the slope becomes infinite on both sides of
the cusp. At 0 = m, 3w, 57, ... there are minima with y = —2R. Strictly speaking
our results only apply up to the first minimum at 8 = 7 since we only considered the
regime where y decreases with increasing x and chose the sign in (1.8) accordingly.
However by repeating our calculation with small modifications for other values of
0, one can see that the solution obtained is actually valid for arbitary 6.
It is instructive to to write (1.12) in vector notation,

(ﬁg>:<f%>+(§>9+3<lif) (1.13)

Eq. (1.13) has the following interpretation: If we momentarily forget about the third
term on the right-hand side of (1.13), the vectors (z,y) would start from (0, —R) at
6 = 0; as 6 increases they would then move on a straight line in positive z-direction.
In contrast, the third term describes a motion around a circle of radius R, i.e., a
rotation. We thus see that as 6 increases the points (x,y) follow a superposition of
a motion on a straight line and a rotation.
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m R MR 41R_ x
ép i &

O=T O=37T

Figure 1.6: 6, x, and y for the brachistochrone problem.

A related problem

The same curve (1.13) but with opposite sign of y is obtained in a completely
different problem: the motion of a disk with radius R rolling over the x-axis. This
curve is called the cycloid curve.

To also get the sign as in (1.13) we instead compare with the more artificial
situation where a disk is “rolling” below the z-axis. If the disk is rolling into positive
x direction, its centre point moves on a straight line with increasing x. A point (z,y)
on the circumference of the disk follows that straight-line motion, but at the same
time rotates around the centre. If one observes a rolling disk, one can see that the
point actually rotates to the left. This is in line with (1.13) since (—siné,cosf) =
(cos (g + 9) ,sin (% + 9)) gives a rotation to the left if # is increased. During one
revolution (i.e. an increase of 6 by 2m) the disk should move by a distance that
coincides with the circumference 27 R, i.e., x should increase by 27 R just as in
(1.13).

Boundary conditions

We still have to find the right value for R. Moreover we must find out which part
of Fig. 1.6 should be taken as our ideal slide; this part must certainly start at the
origin but we have to know at which value 0,4 of € it has to end. R and 0.,q can
be found by inserting the boundary conditions x(feng) = a, y(feng) = —b into Eq.
(1.13). We then obtain the nonlinear system of equations

a = R(Oeng — sinbenq)
—b = —R(1—cosbenq)

which will be considered further on the second problem sheet.
Qualitatively the most interesting question is whether the slide will end to the
left or to the right of the minimum at § = 7. In the first case the slide will always

go down (see Fig. 1.6a) whereas in the second case it will first go down and then

up again (see Fig. 1.6b). If we compare the curve in Fig. 1.6 to the line y = —22

T
we see that to the left of the minimum the curve always satisfies y < —2?“" whereas

to the right we have y > —271 inserting 2 (0ena) = a, Y(fend) = —b we thus see that

the endpoint will be to the left if

2a 2a
—-b< —— — . 1.14
< - & 2 < ( )
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In this case the slide will always go down whereas otherwise it first goes down and
then up.

(a) % ox (b} 4 ) X

Figure 1.7: Solution of the brachistochrone problem: (a) for 2¢ < 7, (b) for 22 > 7.

1.7 Functionals depending on several functions

So far we only considered variational problems that involved one function y(z) map-
ping R to R. However one often encounters problems that involve several functions
of this type. Let us thus consider n different functions yi(x),y2(x), ..., yn(z), each
subject to boundary conditions at 1 and xs, and then define a functional depending
on all of them

Ky, ... yn] = /  F @) unlE) YD s YD), )

We want to find y1 (), y2(z), . .., yn(z) such that K becomes stationary w.r.t. vari-
ations of all n functions. K will be stationary w.r.t. variations of y;(z) if the
corresponding Euler-Lagrange equation

of d of _

is satisfied. To make K stationary w.r.t. variations of all function we thus have to
demand that (1.15) holds for all j from 1 to n.
Note: It is often convenient to collect all functions y;(z) into a vector-valued

function y(z) = (y1(x),...,yn(x)).

1.8 Fermat’s principle

To illustrate the use of variational calculus in R™ we consider an example from
optics. (Geometric) optics can be based on a variational principle formulated by
Fermat:

Fermat’s principle

Light travels between two points on paths (rays) that take the least (or stationary)
time.

These light rays are very similar to particle trajectories in mechanics. To make use

of Fermat’s principle we have to recall that the speed of light is given by = where
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c is the speed of light in vacuum and the refraction index n > 1 depends on
the medium in which the light is propagating. In many applications the refraction
index and thus the speed of light is constant. Then Fermat’s principle implies that
also the length of the rays is stationary. Light thus moves on straight lines. (It
can also be reflected by a mirror; as seen on a problem sheet rays where light is
reflected from the mirror according to the reflection law ”angle of incidence = angle
of reflection” have stationary length.)

We now want to consider the situation where the refraction index is not
constant, i.e., we have n = n(z,y, 2).

Find ¢ as functional of the path

E (X/h"}fu%/&

(X4, 20%)

Xl
=< _
4+

o

>

Figure 1.8: Propagation of a light ray in R3.

We first need to get the travel time ¢ as a functional of the path. As shown in
figure 1.8 the path can be described by functions y(z) and z(x) that assign to each
value of x the corresponding coordinates y and z. If we break the path into pieces,
reasoning analogous to section 1.1 and 1.6 shows that the length dl of each piece is
given by

(d)? = (dz)* + (dy)* + (d=)?

Using that dy = y/dx,dz = z'dx we thus find
dl = (1+y?+2)2dz .

The travel time corresponding to dl can be obtained if we divide by the velocity of
the path =. We then obtain

dt = "ar
C

and integration yields the travel time of the whole ray

t = /x2 n(x,y(z:),z(a:) (1 —|—y,(ﬂj‘)2 + Z,(:L')2)1/2dl‘
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Find stationary points of ¢

THE CALCULUS OF VARIATIONS

We now need to find y(x), z(z) such that the travel time ¢ becomes extremal. We
thus face an extremisation problem of the type discussed in section 1.7, with the

identifications

K =
(y1,92) =

(y,2)

n(w,y(f),z(x) (1 _’_yl(x)2 +Z/(1')2)1/2

—u(z)

To solve this extremisation problem we have to consider the Euler-Lagrange
equations for both y(x) and z(z). For y(x) we obtain

=

of d of
dy  dzdy
10n d (nl
coy _%<E§u

(1.16)

(1.17)

These equations must now be solved for y(x), z(z) to get rays.

Special case

Figure 1.9: A ray of light in two dimensions.
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For definiteness, let us consider the special case where the refraction index
depends only on z, i.e. n = n(z) and g—z = ‘g—z = 0. Then the Euler-Lagrange
equations (1.16) and (1.17) boil down to

Yo const
U
/
D% — const (1.18)
U

Let us moreover assume that the z-coordinate is always zero, a condition that is
certainly in line with (1.18). In this case the light rays only travel in the z — y-plane,
see figure 1.9. If we insert the definition of u the second equation in (1.18) then

boils down to ,

ny
1+y2)2
Eq. (1.19) can be simplified if we express the slope y/(z) of the curve in Fig. 1.9

through the angle 6(z) enclosed between the curve and the z-direction. We then
write

= const (1.19)

y'(z) = tan 0(x)

and simplify the denominator in (1.19),

cos? 0(x) + sin? 0(x) > 12 1

(1+ 1/ ())HY? = (1 + tan?6(z))"/? = ( cos2 0(x) " cosO(z)

Eq. (1.19) thus turns into

n(x)sinf(x) = const

which is known as (the generalised version of) Snell’s law.

For example, let us assume that the space x < 0 is filled with a medium with
constant refraction index n = n; (say, air) and the space x > 0 is filled with a
different medium with n = ng (say, glass), see Fig. 1.10. Inside both media the
rays travel on straight lines enclosing angles #; and 6y with the z-direction. Given
01 the angle 05 is then determined by

n1sinf, = ny sin Oy

This equation is the original formulation of Snell’s law.
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n=mwy n= Yl'l
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Figure 1.10: Snell’s law.



Chapter 2

Lagrangian mechanics

2.1 Reminder: Newton

We now want to formulate mechanics through a variational principle. As a prepa-
ration, we need to review some basic facts from Newtonian mechanics. We consider
systems of N particles with masses mi,mas,..., my at positions r1,ro,...ry. Each
of these positions is a vector r; = (z;, s, 2;) € R,

The particle trajectories r;(t) are now determined by Newton’s second law

mzrl(t) = Fi(rl(t), .. ,’I‘N(t),’l'“l(t), .. ,’f‘N(t))

where F'; is the force acting on the i-th particle. A particularly important type of
forces are conservative forces: Forces are conservative if they can be written as
derivatives of a potential energy U,

0
Fi = —8riU(’r‘1,...,’rN) .
Here g—ffi is the gradient | 9OU/0y;

Example: In a uniform gravity field (e.g. the gravity field of the earth in the
vicinity of the surface of the earth) a particle at » = (z,y, z) has the potential

U=mgz,
and thus feels the force
oU/0x 0
F=—| oU/oy | = 0
oU/0z —mg

Finally, our system of N particles has the kinetic energy

N q
i=1

21
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2.2 Lagrangian mechanics in Cartesian coordinates

In Lagrangian mechanics, the laws of motion are formulated in terms of variational
calculus, i.e., by demanding that a certain functional should become stationary.
This approach has several advantages over direct use of Newtonian mechanics that
will become clear over the course of this lecture. We will first develop the variational
formulation for the simplest case, assuming that all forces are conservative and all
particle coordinates are indicated in Cartesian coordinates.

The functions to be determined in mechanics are the particle trajectories 7;(t).
We thus need a variational principle that tells us how particles move from given
positions 7;(t(1) = 7’2(1) at time ¢t to given positions 7;(t(?)) = 7’2(2) at time ¢(%).

In our variational principle the role of the integrand f will be played by the
difference of the kinetic and potential energy, the so-called Lagrangian

L(rl,...,rN,'i°1,...,'i°N) =T(’I."1,...,’I"'N)—U(’I"l,...,’l“N)

The Lagrangian depends both on the particle positions (determining U) and the ve-
locities (determining 7).

We then define a functional called the action S, by taking the time integral of
the Lagrangian from t() to t(3):

+(2)

Sir1, ... rn] :/t(l) L), ..., mn(E), 71(E), ..., PN (t))dt .

Now the claim is that the particles travel on trajectories r;(t) for which S be-
comes stationary. For historical reasons this famous principle (due to Hamilton and
Maupertius) is known as the principle of least action (rather than stationary action,
which would be the correct terminology).

Principle of “least” action

In a systen where all forces are conservative the trajectories of particles moving
from positions 7;(t() = rgl) to positions 7;(t(?)) = 7'1(‘2) are chosen such that
the action becomes stationary w.r.t. variations that preserve these boundary

conditions, i.e., the Euler-Lagrange equations

oL  d oL
87’1' . dt 87"1'

(2.1)

must be satisfied, for all s =1... V.

Here the vector equation (2.1) implies that the coordinates x; of the i-th particle
must satisfy g—é = %g—jﬁ, and analogous equations hold for y; and z;. Altogether we
thus obtain 3N equations for N particles described by 3 coordinates each. In the
context of Lagrangian mechanics the Euler-Lagrange equations are usually called
Lagrange’s equations.

Note: When comparing to the section 1, we have to identify K =S, x =t and
(W1(@), - yn(2)) = (P1(F), ..., rN (D))

Proof: The principle of least action is equivalent to Newton’s second law. If
all forces are conservative this can be shown in a surprisingly simple way. The
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derivative gL in the Lagrange equation can be written as

oL U
87‘1' n a’l"i

where we used that the Lagrangian depends on the particle coordinates r; only
through the potential and that derivatives of the potential yield forces. On the
other hand, the Lagrangian depends on the velocities 7; only through the kinetic
energy. We thus obtain

oL  oT -
or. o T
d oL .
dior, i

By inserting these result into Eq. (2.1) we see that the Lagrange equations are
equivalent to

F; = m;r;,

i.e., Newton’s second law.

Examples:

e If there is no potential and just a single particle we have L =T = 2mr and

(2
ﬁl) %mr t)dt and the Lagrange equation reads

oL  d oL d

— =—— = 0= — = = t,
or  dtor dtmr " = cons

i.e., the particle is moving on a straight line with constant velocity. (Note
that if we would just demand that the length becomes stationary, we would

get slightly less: we would only see that there is a straight line, but not that
this line is traversed with constant velocity.)

e A particle at » = (z,y, z) in a uniform gravity field has the Lagrangian
1 .9 ) .2
L:T—U:§m(az +y* 4+ 27) —mgz

The Lagrange equations for z, y and z read

G_L_ia_L = O—mejx const
Ox  dt di dt B
G_L_i(?_L = o—im = const
oy~ di 9y g™ T V=
oL d oL d . .

= = —Mmg=-—mz = Z=—¢

9z dt 9z dt

As expected, we get an acceleration ¢ in negative z-direction.
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Figure 2.1: Two-dimensional pendulum.

2.3 Generalised coordinates and constraints

The great advantage of Lagrangian mechanics is that it can be elegantly generalised
to arbitrary coordinate systems, and to systems where particles are not allowed to
go into certain directions.

Let us thus consider a system of several particles, whose positions are given in
arbitrary coordinates (Cartesian, polar, spherical coordinates, differences between
particle positions, whatever ...). These generalised coordinates are then denoted
by

q1,42,---,4d -

If the particles are allowed to go anywhere, the number of coordinates needed
to describe each particle is given by the number of dimensions of the system (i.e.
usually three). Altogether the number of variables is thus

d = F#particles - #dimensions .

However there are also situations where particles are not allowed to go in certain
directions (i.e., there are constraints on the position of particles). In this case, we
have to drop the coordinates corresponding to these directions and the number of
variables is given by

d = #particles - #dimensions — F#constraints . (2.2)

Example: Consider a pendulum (see Fig. 2.1) where a mass m (the “bob”) is
attached to some point through a rod of fixed length. If we take the latter point as
the origin, we can use polar coordinates. But only the angular coordinate 6 changes
as the pendulum swings back and forth!, the distance p from the origin stays fixed
and can therefore be dropped as a variable. We thus need only one variable instead
of two.

n contrast to usual polar coordinates, this coordinate is often taken as the angle enclosed with
the negative y-direction, not the positive z-direction
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We will see several more complicated examples of such constraints later in the
lecture. The space of all allowed positions of particles parametrised by the co-
ordinates qi,¢qo,...qq is called the configuration space of the system. These
coordinates are also called the degrees of freedom of the system.

Relation between generalised and Cartesian coordinates

The generalised coordinates determine the Cartesian particle positions r;, i.e., we
can write r; as a function of ¢y, ..., qq. Being slightly more general, we could could
allow for r; to depend on times as well, and write

ri=7ri(q1,...,q4t) . (2.3)

(This includes the case that e.g. the origin of our generalised coordinate system
moves in time — a situation that won’t occur often in this course.) Given Eq. (2.3),
the particle velocities 7; can be determined using the chain rule,

d
. d’r‘i ari . 8’)"2'
= = Y S (2.4)

Here the right-hand side involves generalised coordinates, their derivatives and time.
Hence we can express 7; as a function of ¢, ...,qq4, 41, .- qdq and t.

Lagrangian mechanics

We can now use these relations to express all quantities relevant for Lagrangian
mechanics in terms of the new coordinates. Using (2.3) we can write the potential
energy as a function

U=U(q,---,q4,t) .
Expressing the velocities through (2.4) we can write the kinetic energy as a function
T = (qu"'aqdvq.l)"'aq.dvt) .

The Lagrangian thus turns into a function

L(qu"'aqdv(hw"anvt) :T(Ql)"'a‘]dadlv"'add)ﬂ —U((h,...,(]d,t),

and the action can be written as a functional depending on the functions g1 (¢), . .., q4(t),

(2)
Slat, - qd] = /tm L@ () qat) 1 (), dalt), )t

The boundary conditions can be expressed as

0(t) =q,  qa(t®) =¢{ .

We now claim that a result analogous to Eq. (2.1) also holds for qi,...,qq4.
This means that (i) the Lagrangian formulation of mechanics holds is valid for
arbitrary coordinate systems and (ii) that it also holds for systems with constraints.
The second point applies even though the forces that give rise to these constraints
(e.g. the tension force preventing us from increasing the length of a pendulum) are
typically non-conservative!
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Principle of “least” action (general form)

Consider systems where all forces are either conservative or give rise to con-
straints. For such systems all ¢, (t) are chosen such that the action S becomes
stationary w.r.t. variations of qo(t) that preserve the boundary conditions at t(1)

and 2. We thus have
oL _d OL

0qo  dt 0da
foralla=1...d.

The proof of this statement will be given later, after discussing some examples.
(The tricky bit will be the generalisation to systems with constraints. If not for the
constraints, we could give a very short proof. Essentially, we could invoke the proof
for Cartesian coordinates and then argue that an extremum of the action remains
an extremum of the action regardless of which system of coordinates we are working
in.)

2.3.1 Gravitational field

As a first example for Lagrangian mechanics with generalised coordinates let us
consider the trajectory r(t) of a mass m (e.g. the earth) in the gravitational field
of a mass M (e.g. the sun) at the origin. The corresponding gravitational potential
reads U = —GT;E‘M and the kinetic energy is, of course, given by T = %mi"z.

The symmetry of the problem now suggests to work in spherical coordinates,
where the vectors r are parametrised by their distance from the origin p and two

angles 0 and ¢:

sin 6 cos ¢
r=p| sinfsing
cos 6

In spherical coordinates the potential energy U turns into

GmM
U=
P
To get the kinetic energy, we use that
sin 6 cos ¢ [ cosbfcos¢ . —sin g
r=p| sinfsing | +pf | cosfOsing | + ppsinf cos
cos 6 —sinf 0

where the three vectors multiplied with p, pf and pdsin@ are all normalised and
perpendicular to each other. We thus get
m., _m

T:—’r’ =

5 5 (P + p?6° + p*¢* sin? 0)

Note that in contrast to the Cartesian case T does not only depend on the derivatives
p, 0, ¢ but also on p and 6. The Lagrangian can now be written as

GmM

m

2

L(p,0,¢,p,0,0) =T — U = —(§* + p*0> + p*¢” sin” 0) +
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and the action S can be written as a functional of p(t), 6(t), and ¢(t):

+(2)
§= | Lle®),00),6(t), 5(1), 0t), (1))t (2.5)
t
The principle of stationary action now gives rise to Lagrange equations for p, 0
and ¢:

OL d oL 9 . 9,9 GmM .
8_/):%8_/) = mpl* + mpsin® ¢ _—p2 =mp
oL doL 9 . o d 9

90~ 4t 98 = mp~sinfcosfp” = dt(mp 0)

oL doL _d 9 . 9

90 di ) = 0= dt(mp ¢sin” )

We thus see that Lagrange’s formulation of mechanics makes it simple to switch
between coordinate systems: One only has to rewrite the Lagrangian in terms of
the new coordinates and invoke Lagrange’s equations which have the same form in
every coordinate system.

2.3.2 Pendulum

To illustrate Lagrangian mechanics for systems with constraints, let us consider the
example of the pendulum. The generalised coordinate —m < 6 < w depicted in Fig.
2.1 determines the z- and y-coordinates of the mass m as

z = [sinf

= —[cosf .
The derivatives of these coordinates read

i = lcoshO
= Isinff

and determine the kinetic energy as

1 1 .
T = —m(i* + %) = =mi*6*
2 2
The potential energy is simply given by
U =mgy = —mgl cos 0

The Lagrangian thus takes the form
L 90
L=T-U= §ml 0“ + mglcos@ .

The Lagrange equation for our generalised coordinate 6 now reads

OL _ 9L
06  dt 96
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1\ M i

Figure 2.2: Inclined plane.

If we do the derivatives
OL

—_— = ml29
00
i@_L = mi’*
dt 960
oL .
0 = —mglsin g ,
this turns into
—mglsinf = mi*0
= 0=—9sng. (2.6)

l

Now one can proceed as in Newtonian mechanics, i.e, approximate sinf by 6. The
resulting equation

..__g
0= ZH

o = acso (T +0)

where A and ¢ are constants.

has the solution

2.3.3 Inclined plane

As a further example, we consider an inclined plane (see Fig. 2.2). This plane slides
freely on a horizontal table, and a block slides freely on the plane. The mass of
the plane is M, and the mass of the block is m. We thus have two constraints:
The block must remain on the plane and the plane must remain on the table.?
Convenient generalised coordinates are the x-coordinate of the plane and the
distance s of the block from the beginning of the plane, as sketched in Fig. 2.2.
These coordinates determine the position of the plane as

(5)

2Note that we are not interested in the motion of the block once it has slid down the plane.
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and the position of the block as
< T + SCos« )
r= .
ssina

The kinetic energy of the plane reads %M #2, whereas the block has the kinetic

energy %mi"z. To express %mi‘z in terms of our generalised coordinates we write

. T+ S$cosa
r = . .
$sin o

-2

7 = (i+scosa)? + ($sina)?

=32+ %+ 2iscosa.

The overall kinetic energy is thus obtained as

1 1 1 1
T = §Mj:2 + 5m(:'c2 + 2 4 2i5cosa) = 5 (M + m)i? + §m.§2 + ms cos o .
The only contribution to the potential energy U is due to the height of the block,
U=mgssina .

The Lagrangian thus reads
1 .92 1 ) .. .
L=T-U= §(M +m)z* + gms + miscosa —mgssina .

We now obtain two Lagrange equations, one for the coordinate x and one for s.
For x we get

oL _d oL _
or dtoi
With the derivatives
L
g_y'c = (M +m)x + mcosas
d OL
Eg_x = (M +m)i+ mcosad
oL
% 0
this turns into
—(M +m)Z —mcosas =0. (2.7)
The Lagrange equation for s reads
oL doL _
ds dt 05
If we use the derivatives
oL . .
% = ms-+mcosaxr
d OL . .
E% = msS-+mcosaxr
oL

= —mgsin«

s
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and cancel the factors —m this simplifies to
§4cosai +gsina=0. (2.8)

We have thus obtained two coupled equations (2.7), (2.8) for the second derivatives
Z and §. To obtain separate equations for # and §, we solve (2.7) for & and use it
to eliminate Z in (2.8). This yields

cos® aé + gsina = 0

T M+m
= (M +m)é—mecos®aé+ (M +m)gsina =0
= (M +msin®a)s+ (M +m)gsina =0

which finally leads to

M )
5= _(M+ m)g s;na = const . (2.9)
M + msin® o
If we substitute (2.9) back into (2.7) we get
Z g sin v cos v = const. (2.10)

M + msin? «

Eq. (2.9) and (2.10) give the second derivatives of our generalised coordinates as

constants depending on the parameters of the problem. One easily checks that in

special cases like « — 0, @ — 5 or m — 0 these results agree with what we might

expect. (E.g. for a perpendicular plane with a = 7 the block simply falls down
with § = —g whereas the plane stays fixed.) Assuming that the block and the plane

are initially at rest we can integrate (2.9) and (2.10), to get

z(t) = x(O)—F%j}tQ
s(t) = 3(0)+%§t2.

For comparison: Inclined plane with Newton

It is instructive to compare the above treatment of the inclined plane with New-
tonian mechanics. The main difference will be that in Newtonian mechanics the
constraints can no longer be built in by choosing appropriate generalised coordi-
nates. Instead one has to work in Cartesian coordinates and take into account all
forces acting on the plane and the block; in particular this includes forces that make
sure that the constraints are satisfied.

Forces acting on the inclined plane

For the inclined plane Newton’s law implies

Fp:Map

()

is the acceleration of the plane and F'p is the sum of all forces acting on the plane
(see Fig. 2.3):

where
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1

Figure 2.3: Forces acting on the inclined plane.

e This includes the gravitational force

0
For=( 3, )

e Moreover we have the constraint that the plane stays on the table. Hence
there must be a force coming from the table with keeps the plane from “falling
through” the table. This force is due to the rigidity of the table (and can be
felt by pressing on a table!) It must be oriented in a vertical direction, i.e.,
normal to the table, and thus be of the form

me(4)

where N7 is an undetermined constant.

e In addition the block exerts a force on the plane. Due to the geometry of the
system, this force should press the plane downwards, put also push it to the
right. The precise direction of this force should be normal to the upper side of
the inclined plane. This is easily understood if we realise that the force could
never cause a tangential motion of the plane along the interface between the
block and the plane. The normal force should thus be of the form (compare

Fig. 2.3)
_ Ny sin «v
N2 = < — Ny cos o > '

The overall force acting on the plane is therefore given by

Fp:ng+N1+N2:< Ny sina >

—Mg+ N1 — Nscosa
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Figure 2.4: Forces acting on the block.

where N7 and N, are undetermined constants. Now the two components of the
vector equation F'p = Map read

M
Nosina = Mz = Ny = —— (2.11)
sin o
and
—Mg+ N1 — Nycosa=0= Ny = Mg+ Nycosa . (2.12)

Inserting the former into the latter equation we obtain

Ny = M(g+ Zcota) .

Forces acting on the block

For the block Newton’s law assumes the form
F B = map

with the acceleration

a _d2_7°_d_2 x+scosa \ [ &+ 35cosa
B= w2 ~ a2 ssina - §sin :

The force F'g is a sum of

e the gravitational force

0
Fﬁ“‘(—m9>

e and a force N3 exerted by the plane on the block. The latter originates from
the rigidity of the plane and makes sure that the block does not fall through
the plane. Hence it is another force of constraint. Due to Newton’s third law
it must be equal to the negative of the force that the block exerts on the plane.
We thus have (using (2.11))

N ([ —Ngsina \ Mz —sin o
N3__N2_< Ny cos o >_sina< cos o > ’
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Summation yields the overall force

—M3zi
Fp=Fop+Ns= < —mg + M cot « > '

Now the two components of Newton’s law read

m(Z& + §cosa) = —Mi
= ji:—mTMls'cosa (2.13)
and
ms§sina = —mg+ Mz cota
mM _cos®a
= - — 5 2.14
"y m—I—MSSina ( )

(where in the last step we used Eq. (2.13)). If we multiply Eq. (2.14) with sin a%
we obtain

(m + M)isin® a = —(m + M)gsina — M3cos® a
= (msin®a+ M)s = —(m + M)gsina
o (M 4+ m)gsin a

§=— —— = const . (2.15)
M + msin® o
Substitution into (2.13) then yields
Z g sin v cos v = const. (2.16)

M + msin® «
Discussion

We see that Lagrange’s equations and Newton’s law yield coinciding results, given
in Egs. (2.9), (2.10) and in Egs. (2.15), (2.16). The Lagrangian treatment is
considerably simpler since we can build in the constraints by appropriately choosing
coordinates. In the Newtonian approach we instead have to take into account
additional forces. These forces N1, N9, N3 are forces of constraint. They keep
the block on the plane and the plane on the table. These forces don’t appear in the
Lagrangian treatment. However we can always determine them if we want (e.g., if
we need the force exerted on the table to see if it breaks). We then have to solve
Lagrange’s equations and determine determine the forces of constraint from m#;
and the known conservative forces FP° as in

- ot constraint
mir; = F? + F
i ot .
= Fgorstraint — pPot i,

2.3.4 General properties of forces of constraint

We will now discuss forces of constraint in more general terms. We want to speak
of a force of constraint when a force makes sure that the constraints are satisfied
but has no further impact on the motion. Such forces must point in directions
where the particles are forbidden from going and compensate all other forces
that may point in these directions. They may have no components in directions
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where the particles are allowed to go. An example is the normal force N in the
example of the inclined plane, see Fig. 2.5. This force points in the direction normal
to the table, and compensates the gravitational force and the force from the block
which push the inclined plane into a forbidden direction.

'

Figure 2.5: Example for a force of constraint.

Allowed and forbidden directions

To formulate the above condition mathematically we have to look in more detail at
the directions in which a system is, or is not, allowed to move.

e First of all we note that all particle positions (1, ..., ry) form a 3N-dimensional
space (or a 2N-dimensional space if the position vectors are in R?).

e However not all positions are allowed. We parametrize the allowed positions
of particles by d generalised coordinates ¢i,...,qq and (possibly) time as

r, = Ti(Qh v aqd7t) .
This defines the d-dimensional configuration space.

e Starting from an allowed (ri,...,ry) we can go into all directions in the
3N-dimensional space that can be reached by changing the ¢i,...,q4. For
instance, if we change ¢, by an infinitesimal amount dq,,, each particle position
r; changes by 0r; = Or; 0¢s. This means that all infinitesimal motions in the

do
3N-dimensional space that go in directions

0 0
g 9N (2.17)
9qa 0qa
are allowed. The same applies to linear combinations of these directions.
At every point (ry,...,ry) there are d directions as in (2.17), one for each

a=1,...,d.

e This leaves 3N — d linearly independent forbidden directions (one for each
constraint). They are perpendicular to the allowed directions.

Now consider a set of forces (F{, F, ..., F%), where F{ acts on the first particle,
5 acts on the second particle, etc. These forces are forces of constraint if the 3/NV-
dimensional vector (F§,F5,...,F%) points into a forbidden direction (such that

other forces pointing into these directions are compensated) and is perpendicular to
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the allowed directions (such that the motion in allowed directions is not affected).
C C

This means that the scalar product of (F{, F5,...,F$) and any of the allowed
directions must vanish. Forces of constraint can thus be defined as follows:

Definition (D’Alembert’s principle)

A set of forces (F, FS,...,F%) are forces of constraint if we have

or orn N or;
¢ FS,... F$)- —1—): FS. L= 2.18
FEF5 BN (G ) = S F g 215

foralla=1...d

Note: The term “allowed direction” used here is not standard. Traditionally,
these allowed directions are rather referred to a “virtual displacements”. Fur-
thermore note that the left-hand side of Eq. (2.18) has the dimension of work,
since it involves a product of forces and changes of positions. The traditional way
of stating D’Alembert’s principle is thus to say that virtual displacements do no
work.

2.3.5 Derivation of Lagrange’s equations from Newton’s law in the
general case

We have now learnt enough about constraints to give a proof for Lagrange’s equa-
tions and the principle of least action for generalised coordinates and systems
with constraints. We will see that d’Alembert’s principle is crucial for showing
that forces of constraint don’t spoil the picture.

We consider systems where all forces are either conservative forces or forces of
constraint. For these systems Newton’s second law reads:
ou

i

where F'; is the overall force acting on the i-th particle. It is written as a sum
of the conservative force —g—f{i and the force of constraint F;. We now want to
show that Lagrange’s equations hold as well. Le., if we parametrise the particle
positions by generalised coordinates where the constraint are automatically built

in,

T = ri(Qla cee 7Qd7t)7 (220)

then we have 5L 4 oL
i 2.21
0qa  dt 0dn (2.21)

for all @ = 1...d. This means that Hamilton’s principle holds, i.e., that particles
travel on trajectories for which the action S = [ Ldt becomes extremal.

Preparation: Formulas for partial derivatives of 7;

To prepare for a proof, we first derive formulas for the derivatives of the velocities
7; w.r.t. the generalised coordinates ¢, and their derivatives ¢,. In Eq. (2.4) we
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took the derivative of
T = ri(qlv -5 4d, t) ) (222)

using the chain rule, and got

,-a._dm_zd:%( £) +a ( t) (2.23)
== 8(]6 q1,---,494,1)43 ot q1,---,94d,1) - :

We thus expressed the velocity as a function

T :’i‘i(qlv"'7Qd7q.17"'7q.d7t) :

We can now take derivatives of 7; w.r.t. generalised coordinates and ¢g’s. If we
look at (2.23) we see that the derivative w.r.t. ¢g is just the term multiplying ¢gs.
We thus have

8’i°i . 87"i
8(]'/3 0qp ’

(2.24)

Since the two dots on the left-hand side have disappeared on the right-hand side,
this rule is also known as the ‘“cancellation of dots”. For the derivatives w.r.t.
generalised coordinates we will show that

87’°i . d 6ri

This means that the total derivative w.r.t. ¢ (which appears on the left-hand side
as a dot) and the partial derivative w.r.t. g, can be interchanged — which would be
trivial if both derivatives were partial, but it is necessary to give a proof because
one of the derivatives is a total one.

Proof: To evaluate the Lh.s., we use (2.23). The only ¢,-dependent terms in

(2.23) are g;’;l and a""l Hence the chain rule yields

or; Pr; | 8 T
OQQ 0%0% (9q ot -

To compute the term grl on the r.h.s., we use gri is a function of the generalised

coordinates and time. Hence the chaln rule brings about partial derivatives with
respect to these quantities, and the final result

d ory Zd: 9%, i 8 r;
dt Oqq, 0%8% &] ot

agrees with the left-hand side. Eq. (2.25) is thus proven.

Strategy

We are now ready to prove Lagrange’s equation We start from Newton’s law,

N N
8ri oU 8ri
s - 1L F°). . 2.2
;mr% g;( e Ik (226)
= = ——_—

=F;
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A motivation for this strategy is that we would like to get an expression that involves
partial derivatives w.r.t. g, — hence it is a good idea to multiply with g;(i. We now

have to simplify all three terms obtained to get Lagrange.

Acceleration term

For the first term involving the acceleration 7;, we pull one of the two time deriv-

atives in front such that is also acts on g;z, and then subtract the term where the

fd . Ori . dOr
pt Mg\ 0qa YdtOga |

We then use Eq. (2.24) for the first term, and Eq. (2.25) for the second term,

time derivative acts on g;i,
«

iTi- 75— =
i=1 8(]

«

NE

N . .

or; d (. Or . ory
E i = g i |\ T ) T 2.2
2 m;T 90 1 mi | o <'r 3qa> 7 9. (2.27)
1= N\ s N, s’

As indicated in Eq. (2.27), the terms 7; - 3;; and 7; - gq: thus obtained can be
written as derivatives of 7?. This is reassuring since #7 shows up in the kinetic
energy 1" included in L. We may thus hope to obtain derivatives of T'. To do so we

now pull all derivatives in front which leads to

mit;  — = ——— —mry — —— —m;T; .
" O dtdgo <= 27" Ogo =2 "
i=1 i=1 i=1
We now recognise sz\i 1 %mlr? as the kinetic energy and write
imr or; 4 oT 9T
2™ B4 T A 04a Oaa

We have thus expressed the first term in (2.26) through derivatives of the kinetic
energy, and obtained the intermediate result

dor or or;
XN F,;. . 2.2
dt aQa aQa ; aQa ( 8)

In Eq. (2.28) we have not yet used our assumptions on the forces (i.e. that they are
sums of conservative forces and forces of constraint). Eq. (2.28) can thus be seen
as a generalisation of Lagrange’s equation for arbitrary forces.

Potential term

The derivative of the potential in Eq. (2.26), multiplied with g;(’i
simply gives

and summed over,

_i@U ori U

ori 9¢a  Oqa

— again a term that we would like to see in Lagrange’s equation!
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Constraint term

The final term in (2.26) reads
N

Z Fq ari

i=1 o

This is exactly the scalar product of forces of constraint and allowed directions
(2.18) that vanishes due to d’Alembert’s principle. We thus have

N
or;
Fe<. Z:(),
D Fi5-

1=1

and we see that due to d’Alembert’s principle the forces of constraint drop from our
equations of motion.

Result

Summation of all three terms yields

4aor _or _ oU
dt 8@& OQQ B 8(](1
AT -U) dor

e
0qa dt Oqq,

which is suspiciously close to Lagrange’s equations for L = T — U. The only

thing that one might miss is a derivative %%. But by definition, the potential

is independent of ¢, and thus %{%i = 0. If we now simply add %%{Y and replace

T — U by L, we obtain our desired result:

Lagrange’s equation

oL d OL
— — ——— =0 foralla=1,...,d
90 di i or all yeees
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2.4 Conserved quantities

In mechanics it is often helpful to look for conserved quantities and for example
check whether the energy, the momentum or the angular momentum of a particle
remains fixed.

Def.: A quantity A is a conserved if the total time derivative Cfi—‘? vanishes.

We will show that Lagrangian mechanics provides an ideal framework to study
these conserved quantities. In particular we will see that conserved quantities always
arise when the Lagrangian is independent of one of the arguments ¢, ..., qq,t.

2.4.1 Energy conservation

First of all we will show that if the Lagrangian does not depend on time, the so-called
generalised energy is conserved. (Usually this is just the energy itself.)

Conservation of the generalised energy
If the Lagrangian of a system is independent of the time ¢, i.e.,

LZL(QL---,Qd,q‘l,---,q‘d)
—

then the generalised energy

d

oL oL
h = —(o—L=—-q— L
; R 5 ¢
is a conserved quantity.
Note that here we used the vector notation q¢ = (g, ...,qq) for the generalised
coordinates.
Proof

e Remembering variational calculus we can use the alternative version of
the Euler-Lagrange equation. We had seen that if a function f = f(y,y’)
is independent of z, then the functional K = fjf f(y(z),y'(x))dz becomes
stationary if

of
—— -y — | = const.
oy Y f

(Here the sign of the constant is flipped compared to section 1.) Thus the

Euler-Lagrange equation was directly formulated in terms of a conservation

law. To apply this result to Lagrangian mechanics, we replace z — t, y — q,

f— L and K — S. Then we immediately obtain the statement above.

e Since it was so simple, we can just redo the proof and take the total derivative
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of h:
dh (0L .\ dL
dt  dt \ Oq q dt
_ (4oLy . 9oL . OL.  OL
~ \@tag) T8 1 9q7 9 1

If we use Lagrange’s equations to replace %g—é by ‘g—g we see that all terms

above cancel and thus

dh
E_O'

Example

Let us consider the motion of a particle in one dimension. The corresponding
Lagrangian

L= %mﬁ —Ulx)

does not depend explicitly on time. Hence the generalised energy must be conserved;
it reads

oL .
= mii— <%mx2 — U(x))
1,
= gmé + U(x) (2.29)

which is just the sum of kinetic and potential energy, i.e., the energy £ =T + U
itself.

I now want to show that this result h = E actually generalises to most practical
cases (albeit there are exceptions). To check this we first need an explicit formula
for the Lagrangian, and in particular for the kinetic energy of a mechanical system.
We can then compute h and see whether it agrees with F.

General formula for the kinetic energy

If we use Cartesian coordinates for the particle positions r;, the kinetic energy of a
mechanical system always has the form

N
-y
=1

We now want to see how this formula looks if we use generalised coordinates
q1,---,qq- The particle positions can then be parametrised by these generalised

mii? . (2.30)

7

| =

coordinates and (possibly) time as

r, = Ti(Qlw-- an7t) .

According to the chain rule the velocity turns into

I, R

— o+ — . 2.31
2 9g, " ot (231)

T =
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If we insert this into the above formula for T we get
N1 or or; or; or; ori\ >
T — “my; z.a z. _z.a._z 7 ) 2.39
;27” Zaqaq Z 18qaq 8t+<8t> (2:32)

This follows directly by inserting (2.31) into (2.30); the only nontrivial point is
that when squaring Z =1 g” Go 1 wrote the two factors with different summation
variables a and ( to make clear that there are two different sums, not just one.
It would be nice if we could write Eq. (2.32) in a less clunky way. To do so we

abbreviate the terms that are not derivatives of ¢ by

al or; or;
Maﬁ(qla"'7Qd7t) = Zmz—l :

—~ 0qa g
N
o 8ri 87",-
va(qla"'aqd7t) - ;mza—qa at
al or; \?
C(le -5 4qd, t) = Z mj (a—tl> . (233)
=1

The kinetic energy then turns into

Z Z Mapdads + Z Vafa + 5 - (2.34)

alﬁl

To make this result even more compact we adopt a vector and matrix notation. We
thus collect all M,g’s into a matrix

My ... Mg
M=| :
Mg ... My

and all v,’s into a vector
U1

Ud

Here M is a symmetric matrix (M,3 = Mp,) because the matrix elements M,z
defined above remain the same if o and § are interchanged. With this M and v the
kinetic energy assumes the form:

General formula for the kinetic energy

1. . . cC
T:§q-Mq+'v-q+§ (2.35)

The term quadratic in q, %q - Mq, looks very much like the usual formula for
the kinetic energy of a single particle in Cartesian coordinates. The only differences
are that g is a vector containing derivatives of generalised coordinates, and that the
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mass is replaced by a matrix that may depend on g. This matrix is also
called the mass matrix.

The linear and constant terms are new. However they show up only if our
transformation between Cartesian and generalised coordinates involves time, i.e.,

it v, = (q1,.-.,qq,t) with 88? # 0. In the usual situation that there is no time

dependence, we have %’? = 0 and the v, and ¢ defined in (2.33) simply vanish.

Then we only have the quadratic term.

Formulas for gradients of linear and quadratic functions

To get h we must evaluate derivatives of L =T — U w.r.t. q and ¢, i.e., we must
learn how to deal with derivatives of scalar products like v - ¢ and quadratic terms
like g - Mq with respect to the vectors involved. We recall that the derivative
(gradient) w.r.t. a vector w is defined as the vector containing partial derivatives
w.r.t. the components of u, i.e.,

af
aof [ ™
ou 5 f
aud

We will show that derivatives of such terms are given by

ov-u)
ey (2.36)
W = 2Muw if M is symmetric (2.37)

which are just the formulas we would get if v, w and M were scalars.
Proof of (2.36): We use that

d
v-u = E Vol -
a=1

The partial derivatives are thus given by

(v - u)
Oug

:’Ua

and collecting them into a vector yields v as in (2.36).
Proof of (2.37): We use that

d d
u-Mu = Z ZMaguaug .
a=1p=1

The partial derivatives are thus given by

Ou-Mu) _ ST Mg <%uﬁ + Ug auﬁ) : (2.38)

Ouy et O Ouy
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Here the derivative g% reads
Y

0 otherwise

Ouq )1 fa=7y
— = Gy =

Therefore the first sum in (2.38) only receives contributions when a = ~. We thus

drop a“a and the summation over a and replace the remaining a by ~. The . in
the second term is handled in an analogous way. We then obtain

u Mu d
Z vgUs + Z Maﬁ{ua .
a=1

If we now rename the summation variable « in the second sum into 3 and use that
M is symmetric (Mg, = M,g) we get

Mu) d d d
Z;Mw% Z::\g_/ = ;Mw%

’Y

Q

O(u-Mu)

Collecting all partial derivatives o, into a vector we thus get 2Mwu as claimed.

Generalised energy
We are now prepared to evaluate the generalised energy. Due to (2.35) the La-
grangian is given by

1 c
ngq-Mq—i-v-q—i-i—U.

The generalised energy can now be computed from (2.29),

oL
h = g— L
8q -
. .1, ) . cC
= (Mq+v)-4-354-Mg-v-qg-5+U
1 c
= —qg-Mg—-+U
g4 Ma -5+

For comparison, the energy is

1, ) .. cC
E=T+U=5q4 Mq+v-q+5+U.

So the good news is:

If the kinetic energy is quadratic in g, i.e. v =0 and ¢ = 0, then the
energy coincides with the generalised energy

This is the generic situation that we have if the transformation between Carte-
sian and generalised coordinates is time independent and thus 881; = 0. (Also recall
that U is independent of q.)

In a practical example we would first check whether L depends on ¢ or not. If
it is independent, h is conserved. If T' is quadratic in ¢ we simply have h = F,

otherwise we need to calculate h explicitly.
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Example where these conditions are satisfied:

For the inclined plane we had

1, -~ 1
L=T-U= <§(M—|-m):n2 + §m$2 —I—mj:.écosoz> —mgssina .

(Here I renamed the mass of the plane into M to avoid confusion with the matrix
M). L is independent of ¢, hence h is conserved. All terms in 7" involve products of
two factors & or §. Therefore the generalised energy coincides with the energy and
we have

1, - 1
h=E=T+U= <§(M+m):t2+§m$2+mx'.§cosoz> + mgssina .

Examples where these conditions are violated:

e Consider a pendulum fixed to a point (0,y(¢)) that is moving depend-
ing on time with y(t) = ypsinwt. Using 6 (see Fig. 2.6) as a generalised
coordinate, we can write

r(6,1) = ( y?t) ) +z< _Sicf)fe )

U =mg(y(t) —lcosh) .

i.e. the potential is

If we take the derivative

. 0 . [ cosf
"= ( y(t) )—HH( sin 0 >
we get the kinetic energy
T= %mi‘2 = %771(129'2 + 20sin 005 (t) + §(t)?)
and the Lagrangian
L(0,6,t) =T —U = %m(l292 + 20sin 005 (t) + 5(t)%) — mg(y(t) — Lcosh) .

L depends explicitly on ¢, so h is not conserved. Moreover the kinetic en-
ergy contains terms linear in 6 and independent of 6. (Note that y is not a
generalised coordinate so Hy and 92 do not count as quadratic terms!) Hence
our condition for h = E = T + U is violated and we have to compute the
generalised energy using

oL .

h= %9 —L= %m(l292 —(t)®) +mg(y(t) —lcos(0)) #T + U .

e Another example (that will be on problem sheet 4) involves a particle in a
magnetic field. In this example a term linear in ¢ arises such that h # E.
However, L is independent of ¢, so h is still conserved.
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L)

\‘>x

Figure 2.6: A pendulum fixed to a point that is moving.

2.4.2 Conservation of generalised momenta

If the Lagrangian is independent of one of the generalised coordinates ¢, this gives
rise to another conservation law. Lagrange’s equations

oL d 0L
G dt Oq,
imply:
Thm: If L is independent of one of the generalised coordinates ¢, (% =

0), then
= B4a

must be a conserved quantity (%% =0).

Such coordinates not showing up in the Lagrangian are also called ignorable or
cyclic coordinates. The quantity p, defined above is called the generalised mo-
mentum associated to the generalised coordinate q,. Hence the statement could
also be formulated as follows: If a coordinate is ignorable, then the corre-
sponding generalised momentum is conserved.

Examples
a) Conservation of the linear momentum

First of all, let us consider a single particle, described in Cartesian coordinates
x,vy, 2. The Lagrangian of this particle can be written as

1
L:T—U:5m(¢2+yz+z’2)—U(x,y,z)
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where U(x,y, z) is the potential. Now the generalised momenta p,, p, and p,
associated to x, y and z are obtained as

T m
Pe = 35 =
oL .
Py = [ =my
Y 8y
oL .
P = & =mz.

We thus see that these generalised momenta just coincide with the usual (linear)
momenta in z-, y- and z-direction, mass times component of the velocity.

We now obtain the following conservation law: If the potential and thus
Lagrangian are independent of x,

oL oU

or  Or

then the momentum in z-direction p, = mt is conserved. Analogous results hold
for p, and p..

Within Newtonian mechanics, we would have argued that due to %—g = 0 there

is no force in z-direction and hence the corresponding component of the momentum
remains constant.

0,

b) Angular momentum conservation

Let us now see what happens if we are in the x — y—plane and instead of Cartesian
coordinates pick polar coordinates,

cos ¢
r=p| sing
0
We then have
cos ¢ [ —sin ¢
r=p| sing | + pp cos ¢
0 0
and thus
2= 24 22 .

The Lagrangian reads
1 . :
L=T-U = m(p*+p¢") = Ulp,¢)

where the potential was written as a general function of p and ¢. So what are the
generalised momenta associated to p and ¢? For p we get

which is of the same type as the linear momenta, but now with the velocity p. Hence

pp can be interpreted as the radial component of the linear momentum. The
generalised momentum associated to ¢ reads

_ oL _
=5 -

mp

o mp*é .
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Dy has the interpretation of an angular momentum. To check this, we use the
definition of the angular momentum I = r x p = r x m7 from Mechanics 1. Inserting
our formula for r and 7 we obtain

cos @ cos ¢ —sin¢
I = p| sing | x [mp| sing | +mpd cos ¢
0 0 0
0
= 0
mp*é

The only interesting component here is the z-component. (Any cross product of two
vectors in the x — y—plane must point in z-direction.) As anticipated it coincides
with D

Now which conservation law do we get? Since the kinetic energy already depends
on p, the radial coordinate cannot be ignorable. But ¢ can be ignorable, if the
potential U depends only on p and not on ¢,

oL oU

96~ 05

In this case the angular momentum is conserved. Such potentials independent
of ¢ are also referred to as central fields. Central fields are rather common. If we
have, e.g., a gravitational field due to a mass at the origin, the potential will only
depend on the distance p from the origin.

c¢) Inclined plane

For the inclined plane we have
1 - 2, 1 . .
L=T-U-= i(M +m)i* + 5ms + ma$cosa — mgssin a .

and the generalised momenta are

oL ~
Pr = ——=(M-+m)i+mscosa
0%
oL . .
Ps = —=— =MS+MITCcosSw .
0s

L is independent of =, hence p, is conserved. But it depends on s, thus p, is not
conserved.

2.4.3 Spherical pendulum

The spherical pendulum is a good example to illustrate the use of conservation laws
in Lagrangian mechanics. It is simply a pendulum that is allowed to move in all
three dimensions of space rather than in only two dimensions. To build a spherical
pendulum, one simply takes a particle of mass m and pivots at the origin by a rigid
rod of length [. Since the particle is allowed to move in three-dimensional space but
its distance from the origin is fixed to be [, the possible particle positions form
a sphere of radius [ around the origin. For simplicity, we will choose units in
which m, g and [ all become 1.
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TN\

Figure 2.7: Spherical pendulum.

Find Lagrangian

To look for conservation laws, we first have to find suitable generalised coordinates
and write down the Lagrangian. Since the possible particle positions are on a sphere,
it is natural to use spherical coordinates, but with two twists: First, the radius
is fixed to be [ = 1, so there are only two variables # and ¢. Second, to be consistent
with the treatment of the two-dimensional pendulum we define 6 to be the angle
enclosed between the pendulum and the negative z-axis, not the positive one (see
Fig. 2.7) which means that we replace by m — § compared to the usual definition
of spherical coordinates. Our modified spherical coordinates thus have the form

sin 6 cos ¢
r=| sinfsing | . (2.39)
—cos

The velocity is now given by

cosfcose \ —sinfsing \
= | cosfsing |0+ sin 6 cos ¢ o,
—sinf 0
and the kinetic energy reads
1 1 /. .
T= it = (02 + sin? 9¢2) .

The gravitational potential is U = mgz. Here z is — cos 6 (see(2.39)) and we have
set m and g to be equal to 1. Thus

U= —cosb .
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The Lagrangian therefore has the form

1. 1 .
L= 592+§sin29¢2+0089.

Conserved quantities

Now we want to look for conserved quantities, and thus for ignorable coordinates.
The Lagrangian L does not depend on ¢ and t. This should give rise to two con-
servation laws:

e Since L is independent of t, the generalised energy h is conserved. Since
the kinetic energy is quadratic in the derivatives § and ¢ the generalised
energy also coincides with the energy ¥ =T 4 U. Thus we also have energy
conservation:

1., 1 .
B=040= 592 + 5 sin? §¢* — cos§ = const . (2.40)

e Since ¢ is ignorable, the corresponding generalised momentum p, must be a
conserved quantity. We thus have

L .
Pé oL = sin? ¢ = const. (2.41)

==

pe can be identified with the z-component of the angular momentum
(corresponding to rotations about the z-axis, which is the symmetry axis of the
spherical pendulum). We had already seen that this is the right interpretation
of the generalised momentum associated to ¢ in polar coordinates. Similarly,
if we use spherical coordinates the z-component of the angular momentum
r x mr (where m = 1) is given by

Ty — YT
= sinf cos ¢(cos O sin ¢ + sin O cos p¢) — sin 0 sin ¢(cos 6 cos pf — sin O sin o)
sin? 0¢
which indeed coincides with pg.

Conservation laws are so valuable for the description of mechanical systems
because they allow us to reduce the number of independent variables. In the
present case, we can use (2.41) to get rid of ¢ in (2.40). If we solve (2.41) for ¢ we

get
P¢

h— . 2.42
¢ sin2 6 ( )
Inserting this into (2.40) yields
1, P}
E = 26> — cos 0 = const 2.43
2" T 2smZe " (243)

Now we have a differential equation for 8 only. There is no ¢ because T and U are
independent of ¢ (which was the reason for angular momentum conservation in
the first place), and then ¢ could be eliminated using (2.41). Instead we have two
constants, E' and pg.
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Interpretation

Since ¢ is gone, Eq. (2.43) could be interpreted as describing a fictitious particle
in one dimension, with the only coordinate #. If we assume that this particle
feels an effective potential of the form

Py

25sin% 0
then Eq. (2.43) could be interpreted as an energy conservation law for our
particle:

Ve (0) = —cos (2.44)

1.
E = 592 + Ve (6) = const (2.45)

Here the effective potential contains both the original potential U = — cos 8 and an
2

-term in the kinetic energy; this term

became part of the effective potential due to the elimination of ¢.
We can also take the total time derivative, leading to
dE

0= == =06+ Vi (6)9.

Division by 6 then gives

0 =—Vg(0). (2.46)

This means that the acceleration of our fictitious particle is given by the negative
derivative of the effective potential, as one would expect. (Recall that we have set
the mass equal to one.)

Method I: Integration

There are two ways to proceed further. The first one (which we won’t carry to the
end here) is to view (2.45) as a differential equation for ¢, and try to integrate it.
We thus take (2.45) and solve for 6,

6> = 2(E — Veu(9))
= 0= /2(E - Ve (0))

We then use separation of variables. We write 6 = % as
do
0

and afterwards integrate on both sides. The integral over ¢ goes from 0 to ¢, whereas
the integral over 6 goes from 6(0) to 0(t). If we insert the explicit formula for # this
yields

0(t) de o(t) do
t—/dt(/
0(0 000) 2(E — Veri(0))

The solution of our problem is thus written as an integral. The evaluation of this
integral is rather tricky, and outside the scope of this course. One would finally be
lead to so-called elliptic functions, a kind of special functions. One would then have
to solve for 6(t), and afterwards determine ¢(t).
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Method II: Understand the behaviour of the solution

An alternative approach is to first understand the qualitative behaviour of the
motion in the effective potential Vog. Then one can use the insight gained to say as
much as possible about the solution without having to compute the integral. This
is the approach we are going to apply in the following.

Case py =0

First let us deal with the simple case that py vanishes. According to (2.42) this
implies ¢ = 0, i.e., the angle ¢ remains constant. This mains that the pendulum is
only moving in a plane (enclosing an angle ¢ with the xz-axis). The problem is thus
reduced to the two-dimensional pendulum of Subsection 2.3.1. Also the equation
for 6 is the same. To see this explicitly, note that for py = 0 the effective potential
(2.44) simply reduces to

V:aff(e) = —cost )

which was the gravitational potential. The equation 6 = —V/;(0) then boils down
to
0 = —sind

coinciding with Eq. (2.6). We thus get the same result as in Subsection 2.3.1, with
g, I and m set equal to unity.

Case py # 0

I
I
[
I
|
I
I
l\
—> ©
T

Figure 2.8: Effective potential of the spherical pendulum.

If py4 is nonzero, the general form of the effective potential is given by

2

p
Ve (0) = 2si1f29 —cosf .

It is helpful to visualise the behaviour of this potential, see Fig. 2.8. Due to

2
P . . . C .
the first summand 2Sir‘f2 5 the effective potential diverges when sin @ is zero, i.e., for

0 — 0 and for # — 7. In both limits, Veg tends to +o0o. Since in spherical coordinates
0 is restricted to be between 0 and 7, it only makes sense to consider Vg () between
these two values. So what is the behaviour in between? The simplest possibility
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would be that Vg just has one minimum, and this is what indeed happens. For
a proof, let us consider the equation determining the extrema of Vg,

2

0= Vi(6o) = — cos By + sin b .

¢
sin3 90

The effective potential thus becomes extremal for angles 6y with
s dp 2
sin” 0y = py, cos b . (2.47)

We can show that this equation has only one solution. First let us consider 0 <
0y < 7 and view the expressions sin? fy on the Lh.s. and pi cos fp on the r.h.s. as
functions of . It is easy to see that for 6 = 0 the r.h.s. is larger and for 0 = 3
the Lh.s. is larger. Hence (2.47) must be satisfied somewhere in between. Since
the Lh.s. sin®#y increases monotonically with 6y and the r.h.s. pi cos 0y decreases
monotonically, this can happen only once. So there is only one minimum with
o < 5, see Fig. 2.8. For 0y > 7 there can be no solutions since the two sides have

opposite signs.

Ve% f

|
|
l
l
e + |
|
|
|
|

| |
| |
i j

> 0
0 Omin @wmx m

Figure 2.9: Minimal and maximal values of § for the spherical pendulum.

Now what will solutions look like? The effective kinetic energy %92 must always
be positive (or zero).

1.
592=E—Veﬂ(¢9)zo.

Hence the total energy must always be larger than the effective potential Vog. This
restricts the possible values of #: For each E we may only have values of 6 with
Vet (6) < E. Since the effective potential becomes large for 6 going to 0 or m, this
excludes values of # which are too close 0 or w, whereas values further away are
permissible. The mimimal and maximal values of € for a given value of E will be
denoted by Opin and Op.x. They are determined by

V:éff(emin) = ‘/eff(emin) =F.
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As illustrated in Fig. 2.9, Onin and Opax can be found graphically from the in-
tersections of the graph of Veg(0) with a straight line corresponding to the energy
E.

Since the angle 0 is related to the height z via z = — cos @, the points 0,;, and
Omax correspond to the lowest and highest points reached for the energy E. (fpmin
gives the lowest point and €.y the highest.) For a trajectory with given energy
the angle and height will oscillate between these values. This is indicated by the
thick line in Fig. 2.8. For 0 = O;, and 0 = 6, the effective kinetic energy %92
is zero the whole energy exists as effective potential energy; this includes both the
gravitational potential and the kinetic energy due to the change of ¢. When moving
between these values 6 changes and thus part of the energy is put into %92.

To visualise the trajectories of the pendulum, let us assume that we are looking
at the pendulum from above and project the motion into the z-y-plane. The distance
from the centre is then given by

p=+a2+y?=sinb.

Like 6 and z, the distance p oscillates between two values, ppmin = sinfpi, and
Pmax = SinOpa. For each E the possible positions are thus enclosed between two
circles with these radii. The trajectories must hit the inner circle, then the outer
circle, then the inner circle again, etc.

Figure 2.10: Trajectories of the spherical pendulum in the z-y-plane.

Now what about the angle ¢? Due to angular momentum conservation, ¢

changes with a derivative
_ _bPe

=—.
sin” 6
This leads to an effective rotation about the centre, while p oscillates between its

minimal and maximal value. The results for p and ¢ together lead to trajectories
as sketched in Fig. 2.10.

Mass moving on a circle

An important special case are orbits where 6 is constant and the mass just moves
on a circle around the z-axis. In these cases the rod traces out a cone which is why
these orbits are sometimes called conical orbits. Such solutions are possible only
for 0 = 0, i.e., if we are at the minimum of the effective potential. This is the
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o T
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e

Figure 2.11: Trajectory of the sperical pendulum with 6(t) = 6y = const.

only situation in which the acceleration § = —V/;(0) becomes zero and thus 6 can
remain constant.
Let us now determine how fast the mass must be in this case. For the conical
orbits, the angular velocity ¢ is given by (see (2.41))
. B p(z)
¢ 29

= — = const .
S~ Gg

If we insert Eq. (2.47) and thus py = % we obtain

1
Vecosfy

Mass moving close to a circle

Now what happens if the energy is just slightly above the minimum of the effective
energy? In this case the orbits should be close to the conical orbits derived above.
But there will be a little bit of energy left that can be invested in going away
from the minimum and thus increasing Vg, and in changing 6 and thus having a
nonvanishing 6. We might thus expect that the solutions oscillate about the conical
orbits considered above.

To show this we use

é: - e,ff(e) :

If we know write 6(t) as a sum of the equilibrium value 6y and the deviation from
the equilibrium 46,
O(t) = 6o+ 06 .

the Lh.s. turns into 0. The r.h.s. can be approximated for small 66 if we make a
Taylor expansion

e/ff(e) = ‘/gﬂ(eo + 59) ~ e/ff(eo) + e/léf(eo)ée .
=0

If we define Qg = /V/;(0p) we thus have

66 = —Q356 .
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This is the same differential equation as for a harmonic oscillator. The solution
involves sines or cosines with a frequency €2y. In other words:

For orbits close to the conical orbits the angle 6 of the spherical pendulum oscillates

with a frequency Qo = /V/;(6o).

(Recall that we have set m = 1, otherwise there would be a mass here as well.)
A simple calculation of the second derivative? yields

Qo = \/3 cos By + .
cos 0y

Due to cosfy > 0 this is larger than qﬁ = \/colsi%'

compared to the conical orbits are faster than the oscillation of the angle ¢ due to
rotation.

In a more general context the motion close to extrema of a potential (equilibria)
will be discussed in Chapter 3.

Hence the radial oscillations

2.4.4 Noether’s theorem

So far we have seen that conserved quantities arise when one of the the generalised
coordinates ¢, or the time ¢ don’t show up in the Lagrangian. This is an example for
a more general principle: In fact all symmetries of a system and its Lagrangian give
rise to conservation laws. This principle will be very helpful to get counterparts for
the conservation of linear and angular momenta (see Subsection 2.4.2) in a system
with many particles. We will first study a further example and then generalise.

Translation symmetry

Consider a system with NV particles at r1,...,ry. This system is called symmet-
ric (or invariant) w.r.t. translations in direction d if the the Lagrangian
remains the same when all particles positions are shifted by an arbitrary amount
in direction d. This means that we have

L(’I"l,...,’l"N,’l'“l,...,’l'“N,t) =L(’r‘l+3d,...,TN+3d,’i°1,...,’i°N,t)

for all real numbers s.

Example: Consider the two-particle system with the Lagrangian

. 1. 1 .
L(ry,re,71,72) = §m17°2 + §m2r% +

Gmams (2.48)
71— 7o

accounting for the kinetic energy of these particles and the potential due to their
gravitational attraction. Both the derivatives 71, 72 and the difference |r; — rof
remain the same if all positions are increased by sd. Hence the Lagrangian is not
changed if both particles are moved in direction d.

Now our statement is:

] 3p2 2
3One has to show that V/;(0) = si:%é cos® 0 + sii—‘ﬁe + cos 6. The result then follows if we insert

0 = 0o and p;, = v 00 from Eq. (2.47).

cos g
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Thm.: For s system that is invariant w.r.t. translations in direction d the com-
ponent of the total linear momentum of all particles Zfil p; in direction d is

a conserved quantity, i.e.,
N
Zpi - d = const.
i=1

Proof: For such a system L(ry + sd,...,rny + sd,71,...,7n,t) does not depend
on s, which means that the derivative of L w.r.t. s vanishes. This is true for all s,
but it will be sufficient to consider the derivative at s = 0. We then get

0 = L(frl—|—3d7..,,7"N—|—Sd,'l"'1,..-,'i'N7t)|s:0

Os |s:0

Na Z?ri—ksd
_ Z ( )

B i d oL
N — dt arz
_pz

A (Sna).

Here in the second line we used the chain rule. In the third line, we used Lagrange’s
equations and that g—fi = p,;; moreover the derivative of r; + sd was evaluated.
Finally the total time derivative was written in front. Since this derivative vanishes
we obtain the desired result

N

Zpi - d = const.

i=1

Note: Many systems (e.g. (2.48) are invariant w.r.t. translations in all directions
d. Then all scalar products involving Zfil p, vanish, which is only possible if the
total linear momentum Zf\; 1 P; is conserved.

Noether’s theorem in its general form

We now extend our results to systems with a rather general kind of symmetry:
We assume that the Lagrangian remains the same if the generalised coordinates
(collected into the vector ¢ = (qi,...,qq)) are replaced by new values Q(g,s) =
(Q1(q,$),...,Q4(qg,s)); these new values depend both on the old ones and on a
parameter s that tells us how much the coordinates have been changed. (In the
above example s was the distance of a shift.) For s = 0 we assume that no change
occurred, i.e., the coordinates are still the old ones. For such symmetries Emmy
Noether (1882-1935) derived the following conservation law:
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Noether’s theorem

Consider a system whose Lagrangian L(q,q,t) remains the same after replacing
q by Q(q,s) (where s € R and Q(q, s) is a mapping with Q(q,0) = q), i.e

L(q.q.t) = L(Q,Q.t) . (2.49)

For such a system the quantity

0L Q.
Za Q|s0 (2.50)

Oé

is conserved.

Proof: According to (2.49) L(Q, Q, t) is independent of s, i.e., its derivative w.r.t.
s vanishes. Again we need this fact only for s = 0 (even though it holds true for all
s). We get

LQ,Q.1)|,_,

oL 0Q, AL 90, |
10Qa 95 8Q, 0s | ==

8_La@a‘ oL 00,
8qa ds '5=0 " 9q, 0s 's=0

d OL aQa‘ aL d 8Qa‘
dt 94, s=0 " o \ dt Os '5=0
- z: |
dt “ g Os s=0
Here we first evaluated the derivative w.r.t. s using the chain rule. Then s = 0
was invoked to replace @Q,’s by ¢,’s. In the fourth line Lagrange’s equations were
used and the derivatives w.r.t. ¢ and s acting on ), were interchanged. Finally,

the total time derivative was written in the beginning. Since this derivative is zero
we obtain the desired result

I
Mz&’@

ol
Il
—

I
M&

Q
Il
—_

I
Mg_

ol
Il

Examples:
Ignorable coordinates

Let us first check that Noether’s theorem contains the one we obtained in case of
ignorable coordinates. If L is independent of one variable gg, Eq. (2.49) holds with
Qs =q3+ 8, Qo = qq for all o # 3. Then the constant above is

OL 9Qu oL
Zaqa 0s ‘s =0 Z a—qﬁ bg s
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i.e. the generalised momentum associated to gg.

Translation symmetry

Next we check that for the case of a system that is invariant w.r.t. translations in
direction d the conserved quantity (2.50) boils down to the corresponding compo-
nent of the total linear momentum. Our coordinates g are now the positions of the
N particles

q:(rlv"'arN)

and the Lagrangian remains the same if these coordinates are replaced by
Q(gq,s) = (r1+sd,..., 7N+ sd) .

The conserved quantity (2.50) thus takes the form

N N
OL O(r; + sd) B
2 oi o5 om0 = ;pi d

which is indeed the d-component of the total linear momentum.

Rotation symmetry

Let us now apply Noether’s law to systems that can be rotated about an axis (for
example the z-axis) without changing anything.

Reminder: If we rotate a vector » = (x,y, z) about the z-axis by an angle s we
obtain a new vector ' = (2/,y/, 2) with

r = xcoss—ysins

/ .
= SIS+ yYycoss

Z = z.
The first two lines are identical to what one gets when rotating about the origin
in two dimensions. They were derived in Linear Algebra & Geometry. The z-
component just has to stay the same when rotating about the z-axis. In a matrix
notation this result can be written as

x! coss —sins 0 T

y | =| sins coss 0 Y

z 0 0 1 z
R(s)

The original and the rotated vectors have the same square

r? =22 +y?+2? = (rcoss—ysins)’ + (wsins+ycoss)?+22 =2’ +yi 422 =7

and thus the same norm
7'l = [R(s)r| = |r]| .
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Now assume that the Lagrangian of a many-particle system is invariant w.r.t.
rotation of all particles about the z-axis, i.e.,

L(’I"l, . ,’I"N,’f"l, e ,i‘N,t) = L(R(S)’I"l, . ,R(S)T‘N,R(S)’I"'l, . ,R(S)i‘N,t).
=q =q =Q =Q

Example: Just consider the two-particle system with gravity (2.48) again. Rota-
tion by an angle s replaces 1 by Rry and 79 by R(s)rs. Due to

<%R(s)’r1>2

d 2
<£R(s)r2>
IR(s)r1 = R(s)ra| = [R(s)(r1 —r2)| =|r1— 72

(R(s)i1)? = 7]

(R(s)i2)? = i3

the Lagrangian remains the same.

Application of Noether’s theorem: For such systems Noether’s theorem gives
the conserved quantity

OL A(R(s)r;) N 9R(s)
C= a—h‘TL:OZZ I

i=1 i=1

To evaluate C we simply have to differentiate the rotation matrix w.r.t. s, to get

872(3) —sins — C.OS s 0 0 -1 0
‘ = coss —sins 0 ‘ = 1 0 0

83 s=0 s=0
0 0 0 0O 0 O

If we write the vectors in components p; = (p;1, Pi2, Pi3), 7 = (Ti1, 72, Ti3) We obtain

N Pi1 0 -1 0 i1
Cc = Z Pi2 . 1 0 0 T2
i=1 \ pi3 0 0 O i3
N pi1 —Ti2
= Z Pi2 i1
i=1 \ pi3 0

(7"2‘11?22 - Tizpil) .

I
.MZ

-
Il
—

This is just the z-component of the sum of angular momenta ), r; X p;, i.e.

0

N
C = <Z’T‘Z X pz> . 0
i=1 1

Thus our result is:

For a system whose Lagrangian is invariant w.r.t. rotations about the z-axis the
z-component of the total angular momentum vaz 1 Ti X p; is conserved.
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Analogous results hold for the y-axis, the z-axis and all other axes going through
the origin. Therefore:

For a system whose Lagrangian is invariant w.r.t. rotations about all axis going
through the origin we have

N

E T; X p; = const.
i=1

Summary

Symmetries of the Lagrangian lead to conservation laws:

symmetry w.r.t. conserved quantity
translations total momentum
rotations total angular momentum

Even energy conservation can be placed in this context: If the Lagrangian does not
depend on time this means that the system looks the same for all times, i.e., it is
invariant w.r.t. “translations in time”. The resulting conservation law is energy
conservation:

symmetry w.r.t. conserved quantity

translations in time (generalised) energy

These symmetries are satisfied by a large class of systems:

Thm: If the Lagrangian of a system depends only
e the squared velocities 7? and
e the distances |r; — ;|
of the particles, then all symmetries and conservation laws above are satisfied, i.e.:
e translation symmetry = total momentum conservation
e rotation symmetry = total angular momentum conservation

e independence from t = (generalised) energy conservation

Proof: (Just generalise what we said about example (2.48).)

e Translation symmetry: The squared velocities 7; are invariant under transla-
tions as replacing r; by 7; + sd doesn’t change the derivative:

d 2

The distances |r; — r;| are translation invariant as

|(r; + sd) — (rj + sd)| = |r; — ;|
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e Rotation symmetry: The squared velocities are invariant under rotation, i.e.
replacing r; by R(s)r; as

d ? . .
—R(s)ri | = (R(s)r)? = 72.
dt

Here we have used that rotation doesn’t change the norm or the square of a
vector. The distances are invariant under rotation as

[R(s)ri = R(s)r;| = [R(s)(ri — 75)| = [ri — 75
where we have used the same result about the norm or the square.

e [ndependence from t. By assumption L does not depend explicitly on time,
only through 7? and |r; — 7|,

Note: The total momentum and the total angular momentum each have three com-
ponents. The generalised energy is just a real number. Hence there are altogether
seven conserved numbers.

Examples:

e The kinetic energy >, m;+? depends only on squared velocities. The same
applies to many common potentials: e.g. the potential energy of a spring
depends only on the distance between the endpoints, the potential due to
gravitational attraction between two particles depends only the distance be-
tween the particles.

e Assume that our system is in the gravitational field of the Earth. Then
the potential will contain terms

_ GmimEarth
‘Tz’ - T'Earth’

accounting for the gravitational attraction between each particle ¢ and the
Earth. These terms will satisfy the above conditions only if we take Earth
as part of our system. Then we have a so-called isolated system where
none of the particles interacts with anything outside the system, and all our
conservation laws hold.

e Now let’s see which conservation laws if we don’t include Earth in our
system, and use the approximation m;gz; for the gravitational potential of
the i-th particle (while all other terms in the Lagrangian are innocent).

— Translation symmetry: The potential remains invariant if we change all
x; and y; by the same amount but not if we change the z;’s. Hence we
only have translation invariance in z- and y-direction, and only the x
and y-components of the total momentum are conserved.

— Rotation symmetry: The gravitational potential remains invariant if we
rotate all particles about the z-axis, as this does not change their z-
coordinates. Hence the z-component of the total angular momentum is
conserved. However rotations about the z- or the y-axis change the z-
coordinates of the particles and thus the gravitational potential. Hence
the corresponding components of the total angular momentum are not
conserved.
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— Independence from t: The gravitational potential does not depend ex-
plicitly on time. Hence the generalised energy is conserved.

We thus have only four conserved numbers.



Chapter 3

Small oscillations

3.1 (General theory

We will now study systems performing oscillations close to a minimum of a potential.
The prototypical system displaying oscillations is the one-dimensional harmonic
oscillator, with a potential energy that is quadratic in the coordinate, and a kinetic
energy that is quadratic in the velocity. To generalise this example we investigate
systems with an arbitrary number d of generalised coordinates (collected into a
vector ¢ = (q1,492,---,qq)) and a Lagrangian of the form:

Generalised harmonic oscillator

1 1
L=T-U=3q -Mq-3q Kq. (3.1)

Here the potential energy is quadratic in g and kinetic energy is quadratic in q. M
and K are assumed to be constant, real, symmetric matrices of size d x d. Moreover,
the matrix M must be positive definite, i.e., for all ¢ # 0 we must have q- Mg > 0.
This condition is needed because the kinetic energy T = %q - Mg, being the sum
of the non-negative kinetic energies of the particles making up our system, must be
non-negative as well (usually positive, unless all particles are at rest and we thus
have ¢ = 0).
Applications for Lagrangians of the above type are

e systems composed of springs since the potential of a spring is quadratic.

e Much more generally, we will see that close to extrema of the potential
(almost) any Lagrangian can be approximated by one of the form (3.1).

Lagrange equation

The Lagrangian (3.1) has the derivatives

oL
o ~ ¢
oL .
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Thus, Lagrange’s equation

doL_ oL
dtdq  Oq
boils down to
Mg=—-Kgq (3.2)

This is a linear differential equation, i.e., linear combinations of solutions are also
solutions.

Normal modes

As for any linear differential equation, it is a good idea to look for particularly
simple solutions, and then write general solutions as a linear combination of these
simple solutions. Motivated by the example of the harmonic oscillator we thus look
for solutions of the form

q(t) = ucos(wt) (3.3)

q(t) = usin(wt) . (3.4)

These solutions are called normal modes, and w € C is called the normal fre-
quency. If we insert (3.3) and its second derivative

q(t) = —u w? cos(wt)
into Lagrange’s equation (3.2) we obtain
—Mu w? cos(wt) = —Kucos(wt) .

The same result would be obtained for Eq. (3.3) with the cosine replaced by a sine.
To have these equations satisfied for all ¢ we need

(K —w’M)u=0. (3.5)

This equation is similar to a familiar one: If M were replaced by the unit matrix 1,
Eq. (3.5) would turn into the equation for eigenvalues and eigenvectors of a matrix
K, (K —w?1)u = 0. Eq. (3.5) thus represents a generalised eigenvalue prob-
lem. Accordingly the solutions for w? are called the generalised eigenvalues,
and the solutions for u are referred to as the generalised eigenvectors.

Now how can we get u and w?

e First, we have to realise that (K — w?M)u = 0 has nonzero solutions u only
if

det(K —w?>M) =0. (3.6)

This is because multiplication of a matrix like K —w?M with a nonzero vector
can yield a zero result only if the determinant of the matrix is equal to zero.
Again (3.6) is analogous to the result known from Linear Algebra for the case
M = 1. Eq. (3.6) is called the characteristic (or secular) equation.
det(K — w?M) is called the characteristic (or secular) polynomial. To
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show that it is a polynomial and determine its degree we use that like any
determinant of a d X d-matrix

K —w?My K2 — w?Mys
det(K — W2M) = det K21 - W2M21 K22 — w2M22

can be written as a sum over products of d matrix elements. These matrix
elements each involve a term proportional to w? and a term independent of w?.
The product of d such matrix elements thus contains terms proportional to
1,w? w?, ete., up to w?®. Hence det(K — w?M) is a polynomial of degree
d in w?. The solutions for w? in det(K — w?M) = 0, i.e., the generalised
eigenvalues, can now be obtained as roots of the characteristic polynomial.
As for any polynomial of degree d there must be d complex roots. These roots

will be denoted by w%, w%, . wg.

e The generalised eigenvectors uy, us, .. ., ug corresponding to w?, w3, ... wg are
now obtained as solutions of the equation
(K —w/M)u; =0. (3.7)

We will focus on the case where all eigenvalues wyz are different from each other.

Then there is one generalised eigenvector w; for each generalised eigenvalue (up to
multiplication with a complex number).!

If a generalised eigenvalue w]2- is zero, the corresponding normal modes u; cos(w;t)
and u; sin(w;t) have to be replaced by u; and w;t. This can be seen as follows:
q(t) = u; is a solution because insertion into (3.2) leads to

2
Mddgﬂ = —Ku; < 0= —Ku;

which is satisfied due to (K —w?M)u; with wjz = 0. Similarly for q(t) = u;t we get

20 .
d“u,;

M
dt?

= —Ku;t <= 0= —Ku;t .

General solution

The general solution of our equations of motion (3.2) can be written as a linear
combination of the normal modes. If all eigenvalues are different from zero we thus
obtain

d
q(t) =Y (aju; cos(w;t) + bju, sin(w;t)) (3.8)

J=1

where the constants a;,b; are determined by the initial conditions.

!The characteristic equation may also have multiple roots. For example, if det(K — w2M) is
proportional to (w? —1)% then w? = 1 is a triple root, and three of the eigenvalues, say, w?, w3 and
w3, coincide. One can show that for an n-fold root, the equation (K — wJQM)u = 0 has n linearly
independent solutions (proof: see Anton, Elementary Linear Algebra or Lang, Linear Algebra). In
the above example, we can thus pick linearly independent vectors for w1, w2, and uz and then the
remaining treatment is the same as in the case where all eigenvalues are different.
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Remarks:

1. Which values can w; take?

First of all, we show that the generalised eigenvalues wjz are always real.

Proof: Take the generalised eigenvalue equation (3.7) and multiply with the
complex conjugate of uj, i.e., u;. This gives

ul - (K —wiM)u; =0

and thus .
-Mu; = w?:#, (3.9)

Here u} - Ku; satisfies
* e KU = Kut = ut - Kus
(uj - Kuj)" = uj - K'u; = uj - Ku; = uj - Ku; ;

the second equality sign follows because K is real and the third one follows
because K is symmetric. uj - Ku; thus coincides with its complex conjugate,
and is a real number. The same applies to u; - Mwj. Due to Eq. (3.9) this

means that wjz- is real.

This leaves the following possibilities for w;:

e w; can be real and different from zero. Then the normal modes u; cos(w;)
and wu; sin(w;t) describe oscillations. Here the sign of w; is not impor-
tant. Changing the sign only flips the sign of w; sin(w;t) which can be
compensated by also flipping the sign of b; in our general solution (3.8).
Hence in the present case w; can always be taken positive.

e w; can be purely imaginary and different from zero, i.e. w; = ip; where
p; is real and different from zero. The normal modes then take the form
u; cos(wjt) = u;cosh(p;t) and wu;sin(w;jt) = u;sinh(p;t). Alternatively
we can write the solutions as linear combinations of u;je?i* and wje #i?,
i.e., our coordinates increase or decrease exponentially. Similarly as
above p; can always be taken positive.

e We have already shown that w; = 0 leads to normal modes constant and
linear in t.

Due to wyz being real the generalised eigenvalue equation (K — wjz-M Ju; =0 is
a real equation, and the eigenvectors u; can be chosen real as well.

2. Are the eigenvectors orthogonal?

For M =1, it was shown in Linear Algebra that the eigenvectors correspond-
ing to different eigenvalues are orthogonal, i.e., u; - up = 0 if wjz =+ wi. For
general M we obtain a generalised orthogonality relation: For wjz- =+ w,%

we have u; - Muy = 0.
Proof: We write

2 2 _ 2 2
(Wi —wp)uj - Muy, = up - wyMuj —uj - wpMuy,

ug - Kuj —uj - Kuy,
= 0.
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In the first line, the symmetry of M was used to replace one u; - Muy by uy, -
Mwu;. In the second line, the eigenvector equation wJZ-M u; = Ku; (similarly
for k) was invoked. The third line follows from the symmetry of K.

If we normalise the eigenvectors according to w;-Mwu,; = 1, and all generalised
eigenvalues are different, we even have

uj-Muk:(Sjk.

This generalises the relation wu; - uj, = d;;, for the eigenvector problem studied
in Linear Algebra.
3. Are the eigenvectors linearly independent?

Suppose that the generalised eigenvalues w?, w3, . .. ,wfl are distinct. Then the
generalised eigenvectors uj,us,...,uy are linearly independent.

Proof: We have to show that 0 cannot be written as a nontrivial linear com-
bination of the eigenvectors u;, i.e., 2?21 c;ju; = 0 implies that all coefficients

c;j are 0. Let us thus assume that 2?21 cjuj = 0. Multiplication with u;, and
M leads to ;
chuk-Muj =0. (3.10)
j=1
According to 3. the product uy, - Mu; is equal to zero for all j # k. Therefore
the sum in (3.10) only receives a contribution from j = k, and we obtain

ckuk-M’uk =0. (3.11)

Since M 1is positive definite we have uy - Muy # 0 and thus (3.11) can only
be satisfied if
Cr = 0

for all k, as claimed.

3.2 Two springs

Let us apply the ideas above to a system of two springs, connecting three freely
moving blocks of mass m1, mo and my. Both springs have the spring constant k
and the natural length [. If the blocks are located at positions —I, 0 and [ as below
the springs have their natural length and the potential is zero:

M\ Moy m 4
‘I"IMANMMMAMN[‘I‘ i
-{ o) £

Figure 3.1: A system of two springs connecting masses at —[, 0 and [.

v

We now assume that the blocks are displaced from these positions by ¢1, g2 and
q3, and take ¢q, g2 and g3 as our generalised coordinates: The kinetic energy can
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A Moy M4
E— =>
q1 Q2 l Qs
-2 0 [}

Figure 3.2: A system of two springs connecting masses at —I + ¢, g2 and [ + ¢3.

then be written as

T="q i d
In matrix notation 7' reads )
T=2q Mg
with the mass matrix
mi 0 0
M = 0 mo O
0 0 mq

The potential energy of each spring is % times the square of the displacement
from the natural length. Since the length of the first spring differs from the natural
length by g2 — ¢1, and the length of the second spring by g3 — ¢2, we obtain

k k k
U= 5(612 —q)+ 5(‘]3 — @) = §(Q% + 245 + 45 — 2q102 — 2¢2G3)
In matrix notation we thus have
U-1lq K
= 2q q
where
k —k 0
K = -k 2k —k
0 —k k

(Note that when determining the entries of K, it is important that there is one
(diagonal) term in K corresponding to for each of the squares q%, q%, qg, but two
entries corresponding to each of the mixed terms ¢iqo, ¢2q3; hence the coefficients
of q1g2 and ¢2g3 have to be divided by two.)

With the K and M thus derived the secular equation reads

0 = det(K —w?M)

kE— w?my —k 0
= det —k 2k — w?meo —k
0 —k k— w?m,

= (k—w?m)?(2k — w?my) — 2K*(k — w?my)
= (k—w?my)(2k? — kw?my — 2kw’my + w'mimg — 2k?)

= (k — w?my)w?(mimow? — kmg — 2kmy)
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and we obtain the following generalised eigenvalues

2

wl — 0
k

2
w = —

2 my

) ko 2k
wy = —+—

mq mo

For each wj2- the corresponding generalised eigenvector is obtained from

k— w?my —k 0
0= (K — wjz-M)uj = —k 2k — w?my —k u;
0 —k kE— w?m;
We thus get:
e for w? =0

k. —k 0 1
-k 28 -k Ju1=0 = ujoc| 1
0 -k k 1

(here oc means “proportional to”)

o for w2 = mil
0 —k 0 1
—k 2-72)k —k |uz=0 = upx 0
0 —k 0 -1

ofor(,u‘%:mil4—7,21—'%2

-2 —k 0 1
-k -2k -k uz =0 = ugoc | 271
0 —k —Q%k‘ 1

The general solution is a linear combination of the normal modes (sketched
in Fig. 3.3), i.e.,

1 1 1
qt) =1 1 | (a1 +bit) + 0 (ag cos wat + by sinwat) + —2% (ag cos wst + bz sin wst)
1 -1 1

The form of the first normal mode arise because no outside forces act on the
system (apart from gravity which is compensated by a force of constraint). Hence
all particles may be translated by the same amount or move with the same constant
velocity without changing anything. In the second mode the inner mass remains
fixed while the two outer masses oscillate with opposite phase. In the third mode
all masses oscillate, the directions of oscillation of the outer masse coincide and are
opposite to the direction of oscillation of the inner mass.
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Figure 3.3: Normal modes of a system with two springs, corresponding to the

generalised eigenvectors w?, w3 and w3.

3.3 Small oscillations about equilibrium

We now come to the main application of the generalised harmonic oscillator (3.1):
We will consider a rather large class of systems, namely those with an arbitrary
potential and a kinetic energy that is quadratic in q,

d d
Lad)=T~U=3q M@ Ula) =3 > > daMasla)is - Ula) . (312)
a=1 =1

(Here M (q) is again a real symmetric, positive definite matrix.) We will show that
close to stationary points of the potential the Lagrangian of these systems can be
approximated by a Lagrangian of the form (3.1). We will then apply the theory of
normal modes to the motion close to these points.

Equilibria

Points q, where the potential is stationary are called equilibrium points. At
these points the derivatives of U must vanish,

ou

8_q(q*) =0.

It is important that particles can stay fixed at equilibrium points. This
is immediately clear in Newtonian mechanics: The (conservative) forces are given
by derivatives of the potential. At equilibrium points these derivatives vanish and
thus there are no forces. Hence particles may rest at these points.

The proof within Lagrangian mechanics looks as follows: With the Lagrangian

in (3.12) Lagrange’s equations % = %% take the form

d d

d
12.81\4&5. U _ 4§y =S (P .
a,f=1 q”{ q’Y /=1 B=1
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This equation is indeed satisfied for q(t) = g, = const, since for constant g the time

derivatives vanish, and the term a—U vanishes at stationary points of U.

Approximation close to equilibrium

To give an approximation for the Lagrangian L that is valid close to the equilibrium,
we write

q(t) = q. +dq(t)
which in particular implies
qg=14q.
We then make a Taylor expansion up to second order in dq, dq.

For the potential this expansion reads

d

Ulg) =~ U(g.) + ) STU ) 00 + Z Z

CEZIH/_/ a= 16 1\aq 8(] ;
=0 EKag

0qa 5QQ

where ~ indicates dropping all terms of cubic or higher order. The linear term
vanishes due to %(q*) = 0. The quadratic terms can be written in a simple form
if we collect the second derivatives of the potential at the equilibrium point into a
matrix K with entries

0*U
e = 90t (q.) -
We then obtain 1
Ulg) ~ U(q.) + 504 Koq (3.14)
For the kinetic energy we write
T = Ja-Mlg)a= 54 M(a)q

Q

1
§5q -(M(q,) + terms of order dq and higher) dq

Since we drop wall terms with more than two dq, dg this is approximated by

1. .
~ 504 - M(q.)oq .

In the vicinity of the equilibrium point q,, the Lagrangian L thus becomes

L=T-U~ %5@1 . M(q,)64 — Ulg,) — %5(1 . Kéq (3.15)

This is just the form of the Lagrangian considered in Section (3.1), with 0g and g
taking the place of g and g. The only difference is the constant —U(q,) which
however does not affect the equations of motion.

Example: Imagine a linear molecule with three atoms of mass my, mo and
m1, and a potential that consists of a complicated term depending on the distance
between the first and the second atom, and an analogous term depending on the
distance between the second and the third atom. Apart from the form of the
potential this situation is analogous to the system with two springs in Section 3.2
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If we are close to equilibrium, a quadratic approximation of this potential gives rise
to the same Lagrangian as for the two-spring system (with a spring constant that
depends on the second derivatives of the complicated potential).

Types of equilibria

We are now prepared to study the motion close to equilibrium. We will see that
there is a fundamental difference between equilibria corresponding to minima and
maxima of the potential.

e If the potential becomes minimal at g, then U(q) = U(q,) + 0q - Kdq (with
dq # 0) must be larger than U(q,). Hence K is positive definite,

0q - Kdq > 0 for all 6g # 0.

In this case all normal frequencies w; are real, i.e., the particles oscillate
around the equilibrium position. Such equilibria are called stable.

Proof: Recall Eq. (3.9) and thus

u.Ku
W2 = Y J

= . 1
J ’LLj’M’LLj (3 6)

If both M and K are positive definite, this implies wjz- > 0 and thus w; € R.

Intuitive argument: Conservative forces always point in the direction where
the potential decreases — e.g. the gravity points downwards, where the gravita-
tional potential decreases. If the equilibrium corresponds to a minimum of the
potential, the force pulls particles back equilibrium. This leads to oscillations
around the equilibrium configuration.

Note: The approximation of L, Eq. (3.15) is valid only in the vicinity of the
equilibrium. Our theory thus describes correctly only the small oscillations
about the minimum.

N

Figure 3.4: Example of a stable equilibrium.

e For a maximum of the potential the same argument as above implies that
K is negative definite, i.e., we have

d0q - Kdég < 0 for all g # 0
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3.4

In this case all normal frequencies w; are purely imaginary (w; = ip;,
p; € R) and the normal modes are proportional to increasing and decreasing
exponentials e”it, e=Pit. Such equilibria are called unstable.

Proof: We now have u; - Kuj; < 0 and u; - Mu; > 0. This means that w]2-
must be negative, and w; must be imaginary.

Intuitive argument: The forces again point in the direction where the po-
tential decreases — which this time means away from the equilibrium. Thus
particles are usually pushed away from the equilibrium. However if we finely
tune the initial velocity a particle approaching the equilibrium may just get
slower and slower without ever changing direction or crossing the equilibrium.
The latter situation corresponds to the normal modes uje_pjt.

Note: As above our solution is no longer applicable one we are far away from
the equilibrium, since then the quadratic approximation of the Lagrangian is
no longer valid.

g

Figure 3.5: Example of an unstable equilibrium.

If K is neither positive or negative definite, there can be real, imaginary and
zero normal frequencies.

The double pendulum

As an example we consider the double pendulum depicted in Fig. 3.6. We assume
that the two masses and the lengths of the two pendulums coincide. The motion of
the double pendulum can be very complicated (“chaotic”) in general, but we will
see that it becomes simple close to equilibrium. The two masses have positions

_ sin 64 _ sin 64 ny sin 69
= —cosfy )’ 2= —cos b —cos By

and velocities

with

o=t [ CSO) g S0 g, (8
sin 64 sin 64 sin 69

P2 = 1207, 72 = 1207 4 20% cos(0; — 02)0,05 + 1263 .
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Figure 3.6: The double pendulum.

The kinetic energy of the double pendulum is therefore obtained as

P = Lt ot (o 20— 300+ 5)

It is helpful to rewrite 7" in matrix notation. We then get

1

T =54 M9)

with g = ( Zl > and the mass matrix
2

2 cos(61 — 62) > ' (3.17)

)
M(q) =mi < cos(601 — 69) 1
The potential energy is given by
U = —2mgl cos #1 — mgl cos 0.
Equilibria

To find equilibria, we have to set the derivatives of U w.r.t. the generalised coor-
dinates equal to zero. This leads to

oUu
— =0 = sinf1 =0 = 64 =0o0rb; =7
004
oUu
— =0 = sinfy=0 = O3=0o0rby =m.
0604

The four equilibria found in this way are sketched in Fig. 3.7. We would expect the
equilibrium at #; = 65 = 0 to be stable and the one at 8; = 65 = 7 to be unstable
while the two others should be mixed (with one real and one purely imaginary
normal frequency). We shall investigate in detail the motion close to the stable and
the unstable equilibrium.
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L ]
#,="0 br=0 =T ;=T
922 0 (92:71_ 92: 0 OQZW

Figure 3.7: Equilibrium positions of the double pendulum.

Stable equilibrium

Since the first equilibrium is at

2, = ( ! ) (3.13)

the deviations from equilibrium J§q coincide with the generalised coordinates gq.
The quadratic approximation of the potential is obtained easily if we use the Taylor
expansion of the cosine cosf =1 — %92 +.... We then get

U = —2mglcost; —mglcosby

02 02
~ =2 1-2) - 1- 2
mgl< 2> mgl( 2)

1
= §5q - Kdq + const

20
K-mgl(o 1).

For the quadratic approximation of the kinetic energy, we just have to evaluate
the mass matrix at the equilibrium position. We then get

with
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The generalised eigenvectors w? and the normal frequencies w can now be obtained
from the secular equation

0 = det(K —w?M)

29 — 22 —w?
2

=0 = 2(%—w2>2—w4

= w? = (21\/5)%>0

As expected both normal frequencies are real. The corresponding generalised eigen-
1

vectors are easily obtained as u ( V3 > This leads to the two types of motion

sketched in Fig. 3.8.

Figure 3.8: Normal modes related to the stable equilibrium of the double pendulum.

Unstable equilibrium

We now consider the equilibrium at

- v

q*_ T .
(0 ™+ 06,
q‘<92>_q*+5q_<w+592>

and approximate up to quadratic order in dg and its derivative. For the potential
energy

We thus let

U = —2mglcosf; —mglcosbsy
Taylor expansion of the cosine gives

(661)?

cos(f1) = cos(m + 861) = —cos(01) = —1 + 5

(similarly for #3) and thus

1
U= §5q - Kéq + const



3.4. THE DOUBLE PENDULUM 7

2 0
K-—mgl(o 1>.

The kinetic energy is approximated by

with

1. )
T~ 5&1 - M(q.,)oq

where the mass matrix at equilibrium again reads

M) =me (3 1)

Compared to the stable equilibrium, only K has changed sign. Since K is pro-
portional to g we can thus copy the results from the stable equilibrium with the
replacement g — —g. This yields

w2:—(2:|:\/§)%<0

(i.e. we indeed have two imaginary frequencies) while the generalised eigenvectors

1
U X remain the same.
( FV2 )
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Chapter 4

Rigid bodies

An important application of mechanics is the motion of rigid bodies. Rigid bodies
are formally defined as follows:

A rigid body is a system in which the distances between the particles do not
vary in time.

Most solid objects around us are rigid bodies to a reasonable approximation,
because the distances between the atoms do not vary in time. The distances of the
particles being fixed, there are only few things that one can do with a rigid body:
translate it (i.e. move all particles by the same amount in the same direction) and
rotate it about an arbitrary axis.

In this lecture we will only be interested in rotations about axes through
the origin. These rotations are important in the following two cases:

e If the body is fixed at the origin, we can no longer move all particles by
the same amount in the same direction. And if we want to rotate the body
we must make sure that the origin remains fixed. This means that the axis of
rotation must go through the origin.

e Now let us consider a rigid body on which no outside forces are acting, e.g.
a rigid body in space. In this case it is helpful to study the motion of the

centre of mass, defined by
N

>

i=1

where M = ZZJ\; 1 m; is the overall mass of the system. As any isolated system,
such a rigid body satisfies several conservation laws (see Section 2.4.4). In
particular the overall momentum of all particles is conserved,

N
E m;r; = const .
i=1

This implies that

N
d m; t
—_— —17T,; = COns
dt « M ! ’
1=

i.e., the velocity of the centre of mass is constant.

79
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We now consider the case of zero velocity, and choose our coordinate system
such that the centre of mass is at the origin. Then again only rotations
about axes through the origin are possible.

Note that the body is still allowed to rotate about all axes through the origin, and
that the rotation axis can change in time. A main goal will be to understand such
changes of the rotation axis.

4.1 Angular velocity

The angular velocity is an important quantity that characterises both the axis and
the speed of rotation.

Def.: Assume that a rigid body is rotated about an axis that goes through the
origin and has the direction n (where n is a unit vector). If during the time dt
the body is rotated by an angle do¢, its angular velocity is defined as

0

If we know the angular velocity we can determine the velocity of every particle
in the body.

Fact: If a rigid body rotates with an angular velocity w, the velocities of the
particles are given by

T, =wWX7T;.

Proof:

m A

1]
gy

12

| adi

Figure 4.1: Rotation about an axis through the origin with direction n.

We show that both the norms and the directions of ©; and w X r; coincide. We
use that a particle rotating about an axis moves on a circle. As seen in the picture
the radius of this circle is |r;|sin @ where |r;| is the distance from the origin and 6
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is the angle enclosed between the position vector and the direction of the axis. The
product |r;|sin@ can also be written as |n x r;| (using that n is normalised). A
particle moved by an angle d¢ now travels a distance |n x r;|d¢ on the circle. The
absolute value of its velocity is obtained by dividing out dt. We then get

— x|, (4.1)

as desired.

Now we consider the direction of the vectors. The circle that our particle moves
on is in a plane perpendicular to the rotation axis, which means that the velocity
is perpendicular to n. In addition it is clear from the picture that the velocity is
perpendicular to r;. The same holds true for the cross product n x r;. Hence also
the directions coincide and the statement is proven.

4.2 Inertia tensor

Analogies

It would be nice if we could describe the rotation of rigid bodies in a way analogous
to to a motion that we already know very well: the translational motion of a single
particle. The most important properties of such a particle are its momentum p,
its velocity v and its mass m. These quantities are related by p = mwv. For a
rigid body, the analogue of the momentum is the total angular momentum, and the
analogue of the velocity is the angular velocity. The question is therefore: Is there
an analogue of the mass as well, and can we use this to write an equation similar
to p = mv?

We will see that an analogue of the mass indeed exists; however it is not a really
number but a matrix — the so-called inertia tensor. To find it we write the total
angular momentum as

N
l = Zfri X P,

i=1
N

= Z r; X m,m
i=1
N

= Zri X m;(w X ;)
=1
N

= ) mrix (wx ). (4.2)
i=1

Reassuringly, Eq. (4.2) already expresses the total angular momentum as a linear
function of the angular velocity. To bring it closer to the form p = mwv we use the
following formula for combinations of two cross products:

ax(bxec)=bla-c)—c(a-b)
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(the so-called “back-cab formula”). We then obtain

N
l= Zml {w(r; -r;) —ri(r; -w)} .
i=1

It is now helpful to write out the ath component of the total angular momentum.
Since the r; - r; in the first term and the 7; - w in the second term are just real
numbers, for the ath component we have to replace the w in the first term by wy,
a and the 7; in the second term by r;,. Writing out the scalar products we thus

obtain
N 3 3
2
lg = E m; { Wa E Ti. = Tia 5 bW
i=1 c=1 b=1

To let the formula look more symmetric, it would be helpful to introduce a sum-
mation over b not only in the second term, but also in the first one. We thus

write
3
Wg = Z 5abwb
b=1

with the Kronecker delta already used in Section 2.4.1. If we now pull the sum over
b in front of all other terms and shift wy, to the end, we can write the ath component
of the angular momentum as

3 N 3
2
la:E E m; 5abE Tie = TiaTib ¢ Wh -
c=1

b=1 i=1

We thus obtain the following result:

The total angular momentum I and the angular velocity w are related by

8]
la - Z Iabwb
b=1

where
N 3
2
Iy =Y my {&m > k- n-arib} :
=1 c=1

In matrix notation we have

l=1w
where
I Lis I3
I=| I Iz I3
I3y I3z I33

is called the inertia tensor.

Rotating coordinate system

The inertia tensor I defined above depends on the coordinates r;, which themselves
are functions of time. This can be avoided if we write our vectors in a basis that
depends on time:
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In the following, we will use basis vectors E1(t), E2(t), E3(t) that depend on time
and rotate in the same way as the particle positions in the rigid body. This basis
is chosen to be orthonormal, i.e., we have

E4(t)- Ep(t) =dapB - (4.3)
Moreover we want to have a “right-handed” basis, which means that

E\(t) x Eo(t) = E3(t), Es(t) x E3(t) = Ev(t), E3(t) x Ei(t) = Ea(t) . (4.4)

Example: If the body rotates about the z-axis with angular velocity w =
0

0 we can use

w
cos wt —sinwt 0

E(t)=| sinwt |, Es(t) = cos wt , Es(t)=1 0

0 0 1

Expansion in the new basis: All vectors v(t) can now be expanded in the
basis E1(t), E2(t), Es(t) and the coefficients will be denoted by capital letters,

v(t) =) Va(t)Ea(t)

NgR

For instance we will have

3

ri(t) = Y RiaEa(t)
A=1
3

wt) = D Qat)Ea(t)
A=1

3
() = S La)Bat).
A=1

Note that here the new particle coordinates R;4 don’t depend on time, because
the basis vectors are rotated in the same way as the particles and the whole time
dependence of 7;(t) is now in the rotation of the basis vectors E 4(t). That’s the
reason why we introduced these basis vectors in the first place. We don’t know yet
how the total angular momentum and the angular velocity are going to depend on
time, so in contrast to R; 4 the new coordinates of these quantities still have to be
written as functions of ¢.

Due to Eq. (4.3) all scalar products of vectors can be written as sums over
products of their components in the new basis:

v(t) w(t) = Y Va®Ea(t) ) WsH)Es()
A B
= > > Vat)Ws(t)oas

1B
= > Valt)Wa(t) .
A
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For scalar products with basis vectors this imples
v(t) - Ea(t) =Val(t) .

To apply these ideas to Eq. (4.2) we multiply with E 4(t). Repeated application
of the formula for the scalar product and manipulations similar to the previous
calculation give

La(t) = Ut)- Ea(t)

N
= Y mil(@®) - Ba®))(ri(t) - 7i(t) = (ri(t) - Ba(t))(ri(t) - w(t))]
i=1

N
- Z; mil - Qalt) ZC: Rio — Ria ZB: RipQp]

=>.50aB0B(t)
N
= > 1D mi <5AB > R - Rz’ARiB> Qp(1)
B i=1 C
=TaB

= > TapQp(t).
B

Here Z4p is independent of time, like the mass in p = m#! In many cases Z4p can
be made diagonal by choosing a convenient set of rotating vectors. The diagonal
elements obtained in this way (i.e. the eigenvalues of Z are also called moments
of inertia.

Continuously distributed mass

Typically a rigid body contains lots of particles (atoms). In this case a further
improvement is very helpful. Instead of summing over all positions R; of atoms, we
assume that the mass is distributed continuously over the rigid body. It is helpful
to describe this distribution in terms of the mass density:

Def.: The mass density p(R;, R2, R3) of a rigid body is defined such that the
mass in a volume from R; to Ry + dRq, from Ry to Ry + dR>, and form R3 to
R3 + dRj3 is given by p(R1, Re, R3)dR1dR2dR3.

Typically, the mass is just distributed uniformly over the rigid body. Then the
mass density is simply the overall mass of the body divided by the overall volume.
The elements of the inertia tensor can now be determined as by

Tap = ///IO(Rl,RQ,Rg) <5ABZR%; — RARB> dRy1dRydR3 (4.5)
c

Proof: The contribution of the volume from R; to R; + dRi, from Ry to
Ry 4+ dRo, and from R3 to R3 + dR3 to Zap is given by

p(R1, Ry, R3)dR dRydR3 <5AB > R - RARB> .
C

Integration over the whole body gives Eq. (4.5).
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Example

An example for a rigid body is a box with coordinates —§ < Ry < 3, —% < Ro < %
and —§5 < R3 < 5. and a constant density. If we denote the mass of the box by M

and use that the volume is abc we thus have p = % = const. Application of Eq.
(4.5) then gives

/2 b/2 a2 R3+ R} —RiRy —RiR3
[
—a/2

T = —RoRq R%#—Rg —RoR3 dR1dRsdR3
—e/2/=b/2 —R3Ry  —RsRy R+ Rj3
621-202 0 0
= pabc 0 % 0
A Vad a2 12
—M 0 0 +

where different rows and columns now correspond to different directions in the
rotating coordinate system fixed to the rigid body. The off-diagonal elements vanish
due to ffl/l 32 RidR; = 0, etc. We see that 7 is constant in time and even diagonal.

R3

' d
/
~

I
1
|+

—— e

P

Figure 4.2: A box centred at the origin.

Example (optional)

Consider a sphere with radius R, volume V = %WRS and constant density p = % ‘We use spherical coordinates Ry =
7rsin 6 cos ¢, Ry = rsinfsin ¢, R3 = rcos . The inertia tensor is

R n r2n R +R3 -—RiRy —RiRs
Iz = / / / o ( —RyR; R?+ R} —RgRy ) r2 sin 0dpdodr
0 JoJo —~R3R1  —R3R> R?+R3
R rn ronw sin? 6sin? ¢ 4 cos? 0 —sin? 6 cos ¢sin ¢ — sin 0 cos ¢ cos 0
= / / / pT'2 ( — sin? 0 sin ¢ cos ¢ sin? 0 cos? ¢ + cos? @  — sin 0 sin ¢ cos 6 ) r2 sin Odopdodr
0 o Jo — cos 0 sin 0 cos ¢ — cos 0sin 0 sin ¢ sin2 0

M1 4/ 1 0 0 2,1 0 0

= 45 -R 2.0 1 0 )="MR 0o 1 o0

3TRS 5 3\ o o0 1 5 0 0 1
<

Here the off-diagonal elements vanish due to 027' cos ¢ sin ¢pdp = fozﬂ' % sin2¢ = 0, fozﬂ' cos ¢pdop = 0, f027r sin ¢d¢p = 0. For the

diagonal elements we need the ¢-integrals 02" cos? pdep = 02‘" sin? ¢d¢ = =, the O-integrals 5 cos? sin 0 = 7% cos? 015 =

%, foﬂ' sin® 0d6 = f[;r sin df — foﬂ' cos?sinf =2 — % = %, and the r-integral fOR rddr = %R‘r"
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4.3 Euler’s equations

We now want to find out how for a rigid body the angular velocity components
Q1(t),Q(t),23(t) (and thus the axis and speed of rotation) change in time. For
simplicity we only consider rigid bodies on which no external forces are acting. Then
we use that for such isolated systems the total angular momentum I is a conserved
quantity. We thus obtain

d
O_El

= LS LaEA)
A

= Li(t)E1(t) + La(t) Ea(t) + Ls(t) Es(t) + Ly (t) E1(t) + La(t)Eo(t) + L(t) Es(t) .
(4.6)

(Note that the conservation of I does not imply conservation of L(t), La(t) and
Ls(t)!) We now need the derivatives of the basis vectors E1(t), Ex(t), E3(t). Since
these basis vectors are rotated in the same way as the particle positions their time
derivatives are also obtained by taking a cross product with w(t). This gives

E(t) = w(t) x Eq(t)
= (U E1(t) + Qa(t)Ea(t) + Q3(t) E3(t)) x E1(2)
= —Oa(t)Es(t) + Q3(t) Ea(t)

where in the second line w(t) was expanded in terms of the rotating basis vectors
and in the third line I used that we have a right-handed coordinate system (Eq.
(4.4)) and that the cross product Eq(t) x E(t) is zero. Analogous reasoning for
the other basis vectors gives

Ey(t) = Q(t)Es(t) — Q3(t)Er(t)
E3(t) = —Qu(t)Ea(t) + Qa(t)Ea(t) -

If we sustitute all this into Eq. (4.6) and collect the terms proportional to each of
the basis vectors we get

Li(t) + Qa(t)Ls(t) — Q3(t)La(t) =
Lo(t) + Qs(t) Ly (t) — Qi (t)La(t) =

L3(t) + Q1 (t) La(t) — Q2()La(t) = 0. (4.7)

Now we can eliminate the L4(t)’s using that La(t) = > 5ZapQp(t). If we choose
our rotating basis in such a way that Z becomes diagonal (with diagonal elements
71, o and Z3), this relation turns into

La(t) =Za0a4(t) .

This implies
LA(t) = IAQA(t) .

Eq. (4.7) thus turns into
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Euler’s equations

T = (To —T3)00s
Iy = (Ig = Il)ﬂgﬂl
I3 = (T1 —Zo) Qe (4.8)

where the 4’s depend on time whereas the Z’s do not.
Note: Alternatively we could have used Q24 = %—;‘ to eliminate the 0 4’s, yielding

. Ty — T

L, = 22,0,
1573

: I3 -1

Ly, = LsLy
13Ty

: Ty — Iy

Ly = L1Ls3 .

3 7.7, ks

Euler’s equations (4.8) determine the time evolution of the €4’s and thus of
the rotation axis. Unfortunately, they are nonlinear (the Q4’s and their derivatives
appear both linearly and quadratically) and thus difficult to solve. However, there
is a special case (the symmetric top) in which they effectively become linear and
can be solved easily.

Example: Symmetric top

Figure 4.3: The symmetric top.

An example for a symmetric top is shown in Fig. 4.3. We see that the top is
symmetric w.r.t. rotations around the Rs-axis. Hence the moment of inertia 7
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corresponding to the Rj-axis and the moment of inertia Zs corresponding to the
Ry-axis should coincide, but differ from the moment of inertia Z3 corresponding to
rotations around the R3-axis. Denoting the two different moments of inertia by Z |
and 7, we thus have

Th=1,=1, 751-3 :IH .

If we insert these momenta into Euler’s equations (4.8), we find

I = (TL—T7))000s
IOy = (I —I0)sh
I = 0 (4.9)

Crucially, the third line implies that the time derivative of {23 vanishes. Hence 3
(the component of the angular velocity corresponding to rotations around the Z-
axis) is a constant. The only thing we still have to do is to solve for £ and Qq. —
This is now a simple task since the first two equations are linear in €27 and €. To
proceed we collect the constants 7, 7, and (23 into one, denoted by

V= MQ = const
=7 3 = )

The first two equations in (4.9) thus turn into

0 = —u (4.10)
QQ = I/Ql (411)
These equations can now easily be solved. If we take the derivative of (4.10) and

insert (4.11) we get
Ql = —VQQ = —1/291 .

This is the well-known equation of a harmonic oscillator. The solution reads
Q= Ccos(vt+ ¢) ,

where C' and ¢ are constants that have to be chosen to satisfy the initial conditions.
(2 can now be determined from Eq. (4.10) as

Qg = —191 = C'sin(vt + ¢)
14

These equations just indicate a rotation about the Rs-axis with frequency v. We
thus see that the rotation axis of a symmetric top is not fixed (even in a coordinate
system following the rigid body), but precedes about the R3-axis.

Example: Rotation axis of the Earth

Another example for a rigid body is the Earth. Of course, the Earth has an almost
spherical shape. But it is not quite a sphere — the radius of the Equator is a little
bit larger than the distance between the Equator plane and the North pole. Hence,
just like for the symmetric top the moments of inertia corresponding to the Rj-and
Ro-direction coincide with each other, but differ slightly from the moment of inertia
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corresponding to the Rs-axis. Therefore, Leonhard Euler courageously applied to
the Earth the same results as for the symmetric top. For the Earth we have

L -2y 1

~
~ —

7, 05
and (since it rotates around itself once in a day)

2T

Q3 = .
3 1 day

One would thus conclude that the Earth’s rotation axis rotates (precedes) relative
to the surface of the Earth with a frequency

2T

Y= 305 days

i.e., with a period of 305 days. Measurements by Set Carlo Chandler (1846-1913)
confirmed the existence of this precession (which is now also called the Chandler
wobble), but he got a period of 433 days! This discrepancy was explained by Simon
Newcomb (1835-1909) as being due to the slight non-rigidity of the Earth. Actually
the Earth is quite rigid, slightly more rigid than steel — but the difference from a
perfect rigid body is comparable to the difference of the shape of the Earth from a
perfect sphere, which was causing the effect in the first place. It is not possible to
keep into account one of these small effects and neglect the other.
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Chapter 5

Hamiltonian mechanics

5.1 Hamilton’s equations

Hamiltonian mechanics is a formulation of mechanics similar to the one by Lagrange,
but with important advantages. To motivate it, let us recall some results from the
previous chapters.

Reminder

We started from Newtonian mechanics, in particular from Newton’s second law
F = ma. We then derived Lagrange’s formulation of mechanics. The main advan-
tage of Lagrange’s formalism is that it looks the same for all coordinate systems, and
one can easily account for constraints. The central object in Lagrangian mechanics
is the Lagrangian L(q,q,t) = T — U, depending on the generalised coordinates q,
their derivatives ¢ and time t. The trajectories of particles are then obtained from
Lagrange’s equations. To solve Lagrange’s equations it is very helpful to identify
conserved quantities of the system. These conserved quantities can be read off
from the Lagrangian:

o [f the Lagrangian is independent of time the generalised energy

) oL . .
hi(g,q,t) = rh q—L(q,q,t)

is conserved.

e [f the Lagrangian is independent of one of the coordinates ¢, the correspond-
ing generalised momentum

0L

Pa = 8—% (5.1)

is conserved.

Hamilton

Even though conservation laws can be used in Lagrangian mechanics, the fundamen-
tal quantities in Lagrangian mechanics are still the Lagrangian L, the coordinates
g and their derivatives g, not the (potentially) conserved quantities h and p. The
treatment of conservation laws would be much cleaner if instead we could build

91
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the whole theory around h and p. We would thus replace the Lagrangian as
the main quantity of interest by the generalised energy, and use the momenta p
instead of the derivatives ¢. This is the idea of Hamiltonian mechanics.

To replace g one can use that p is determined by g, ¢ and ¢ through (5.1)

oL
=— = 7,t) . 2

We now assume that this equation can be solved uniquely for g. — This uniqueness

is a condition for the applicability of Hamiltonian mechanics. Then ¢ can be written
as a function of q, p and ¢,

qa=4q(q,p;1). (5.3)

We now want to build a theory based on the generalised energy h. But instead

of writing h as a function of g, ¢ and t we want to replace ¢ as an argument by the

momentum p. This can be done if we substitute all occurrences of g by q(q,p,t)

and replace g—g by p. The resulting function is called the Hamiltonian.

Hamiltonian

H(q,p,t) = h(q,q(q,p,t),t) =p-a(q,p,t) — L(q,q(q,p,1),t)

The Hamiltonian can be used to get equations of motion similar to Lagrange’s
equations. These equations have the following form:

Hamilton’s equations

o _ o
do = Bpa
. 0H

Proof: To prove Hamilton’s equations we compute the partial derivatives of the
Hamiltonian. There are three terms in H that depend on H: the initial p and two
functions ¢(q,p,t). Taking into account all these terms we obtain the derivative

gTIiaS
oH _ . 04 0L 94 _.
Ope TP Gp. T 0q Op.
=p

Here the second and third term cancel due to p = ‘g—g. The first equation in (5.4) is
thus proven.

To compute STHa we take into account the g-dependence of the two ¢(g,p,t)’s
and of the explicit dependence of L on q. We thus get

OH  9g oL 0L dq 0L

9 ¥ 0qa 044 04 04a  Oda
—~—
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where again two terms have cancelled. If we now use Lagrange’s equation aaTLa =
%% and the definition of the momentum we can write the result as
OH d oL
9qa  dt 94e P
~—~
=Pa

proving second equation of (5.4).
A related result concerns the time derivative of the Hamiltonian:

OH __oL
ot ot

Proof: Differentiating w.r.t. all three occurrences of ¢t and again using the
definition of p we get

oH _ ~9q 0L 9q 9L _ OL
ot P ot aq ot ot ot
~—
=p

Examples:
a) Particle in 1d
A particle of mass m in moving in one dimension has the Lagrangian

1
L =-mg*—

5 Ul(q)

where U(q) is the potential. The generalised momentum is obtained as

P=gg =M (5.5)

i.e., it is simply the linear momentum (mass times velocity). Eq. (5.5) can be solved
for ¢,

._ P
=" (5.6)
The Hamiltonian is now obtained as
H(q,p,t) =p¢—L
where all ¢’s have to be replaced by %. We thus get
2 2 2
p p p
@=L (L —v@) =L v,
and Hamilton’s equations read
OH p
= — = 5.7
q o m (5.7)
. 0H ou
p = = (5.8)
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Here (5.7) is equivalent to the definition of p (see Eq. (5.6)); hence this equation
merely provides a consistency check, whereas (5.8) gives something new. We also
note that Eqs. (5.7) and (5.8) could be combined into

D 10U

Since —%—g is the conservative force corresponding to the potential U(q), Eq. (5.9)

coincides with Newton’s second law.

b) Particle in 2d, polar coordinates

The Lagrangian of a particle in two dimensions can be written in polar coordinates

p, ¢ as
1 oy 1 .
L=gmp®+ 5mp*e? = Ulp, ) -

We can now determine the momenta associated to p and ¢ and solve for p and ¢,

oL . . Pp
e _ = e = —
Pe op me P=m
oL 2 . Po
= — =m — = —F.
Do ) P ¢ mp?

The Hamiltonian is thus given by

H(p,d,0psDgt) = ppp+ppd — L
2 2 2 2
P2 D p P
— _p+_¢_<_p+_¢2_U(p7¢)>

m - mp? 2m  2mp
2 2
pp pd)
= P Ly

and Hamilton’s equations read

. OH p,

p = a—p,,_E

S 8H_p¢

? T oy me
. 9H v, aU
T T8y T op
. 9H U

e Tag T as

Here the first two equations again provide a consistency check with the definitions of
pp and pg. The third and fourth equation give the time derivative of the momenta.
Again these time derivatives involve partial derivatives of the potential.

Finally we mention that for a central field (a potential U that depends only on

p and thus satisfies g—g = 0) the angular momentum py is a conserved quantity (i.e.

¢ = 0). In the context of Lagrangian mechanics this was already seen in Section
2.4.2.
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¢) Quadratic kinetic energy

In the two previous examples the Hamiltonian coincided with the energy £ = T+ U,
written as a function of g, p and t. This agrees with our previous observation for the
generalised energy h, the only difference being that the Hamiltonian is written as a
function of q, p and ¢ rather than g, ¢ and t. We thus expect that the same result
holds for the whole class of systems considered previously, satisfying the following
two conditions:

e The kinetic energy T is quadratic in g,

1. .
T=§q-M(q,t)q;

here M(q,t) is a matrix (the mass matrix) that must be real, symmetric and
positive definite. Positive definiteness makes sure that in case of non-vanishing
velocities T is positive.

e Following our definition of U we assume that the potential is independent of
q,ie.,
U=U(q,t) .

The Lagrangian is thus of the form

1, .
L=q-M(q,t)qg—Ul(q,t) .

2
The momentum can now be obtained as
oL
= — = M(q,t)q 5.10
P= 3 (g,t)q (5.10)

where we used that M (q,t) is symmetric and applied the rule for gradients of
quadratic functions from Section 3.5.2. Eq. (5.10) can be solved for q, to get

q=M(q,t)"'p.

Here we have used that M is an invertible matrix. As shown in Linear Algebra,
this follows from our conditions on M. (Idea of proof: Since M is real symmetric it
can be diagonalised, i.e., it has eigenvalues and eigenvectors. To get the inverse we
leave the eigenvectors as they are and invert the eigenvalues. This won’t work if the
eigenvalues are zero. However due to the positive definiteness of M the eigenvalues
are positive and there are no difficulties.) If we use the definition of H and replace
all ¢ by M(q,t)"'p the Hamiltonian is obtained as

H = p-g—-L

N —

= p-M(g,t)'p— | (M(q.t)"'p)- M(q.t)(M(q,t)"'p) ~Ulq,t)

=P

Interchanging the two factors in the scalar product (M(q,t)"'p) - p, we see that
this product cancels half of the initial term p - M(q,t)"'p. We thus obtain
1

H=3p M(q,t)"'p+Ul(q,t)
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where %p -M(q,t)"!p is the kinetic energy. We have thus verified our expectation:

For systems of the type defined above the Hamiltonian is equal to £ = T + U,
written as a function of g, p and t.

Let us now determine Hamilton’s equations. For g we obtain

oH
1= =M 7t -t )
a=7, (g,t)"'p
again in line with our formula for p. The formula for p is easier when written in
components; it reads

OH 1 oM(q,t)"' U
8qa 2 aQOc 8qa

pa:

Phase space

The essential difference between Lagrangian and Hamiltonian mechanics is that in
Hamiltonian mechanics coordinates and momenta are treated on equal foot-
ing. Therefore, while Lagrange’s equations were in configuration space, Hamilton’s
equation are equations in phase space. Phase space is the set {(g, p)} of all allowed
generalised coordinates and momenta. Each point in phase space is characterised
by one g and one p, which are sometimes referred to as canonical coordinates.
Since there is one generalised momentum for each coordinate, the dimension of
phase space is 2d, where d is the number of coordinates (or degrees of freedom).

Going from from configuration space to phase space has the following advan-
tages:

e (Potentially) conserved quantities like momenta and the Hamiltonian play a
much more central role than in Lagrangian mechanics. Hence conservation
laws can be treated in a more systematic way, and can be used more efficiently
to find solutions.

e An important advantage of Lagrangian mechanics was the freedom to choose
any coordinates in phase space that we like. If one works in phase space, this
freedom in picking coordinates is increased further. Instead of just going
from Cartesian coordinates in configuration space to, say, polar coordinates
we can make variable transformations that mix coordinates and mo-
menta. This helps us to find variables in which a given problem becomes
particularly simple.

e For many systems it is not possible to solve the equations of motion exactly.
A famous example is three-body problem in which one considers the gravita-
tional attraction between three bodies. If one wants to get trajectories of these
systems one has to resort to approximation methods (“perturbation the-
ory”). It turns out that these approximation methods can also be formulated
more elegantly in phase space, using Hamiltonian mechanics.

e Phase space has interesting geometrical properties, with connections to pure
mathematics (symplectic geometry, differential forms).

Outside classical mechanics, the Hamiltonian formulation also has close connec-
tions to quantum theory.
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Orders of equations

Lagrangian and Hamiltonian mechanics differ in the orders of the equations in-
volved. Lagrange’s equations contain the configuration-space coordinates q and
their first and second derivatives ¢ and ¢. The q’s and ¢’s appear as arguments of
the Lagrangian; the ¢’s come into play because we take an additional time derivative
in %‘g—g. Hence Lagrange’s equations are second order differential equations
in configuration space.

In contrast Hamilton’s equations are first-order equations in phase space:
They specify ¢ and p as functions of g and p, and there are no second derivatives.
Going from Lagrange to Hamilton could thus be seen as a trade: reducing the
order of equations to the first order while at the same time doubling the number of
variables needed. This trick is often used in the theory of differential equations.

The first-order nature of Hamilton’s equations has an important consequence:
If we know all phase-space variables, i.e., the coordinates ¢(¢) and the
momenta p(t) of a mechanical system at a time ¢, this determines the
trajectories of the particles for all times. Note that this is not true in con-
figuration space: Given initial conditions only for the positions ¢ we would not be
able to determine the motion of the system at later times.

To explain this statement, let us assume that we know q(t) and p(t). Let us then
try to find the coordinates and momenta after a short time interval €, i.e. q(t + €)
and p(t + €). Since € is small, we can approximate g(t + €) by a Taylor expansion:

q(t +e) ~q(t) +q(t)e.
Since Hamilton’s equations are first order, we know ¢(¢). We can thus write

gt +e) ~qlt) + %—ﬁm(t),p(t),t)e |

The same can be done for the momentum p(t + ¢):

p(t+¢) = p(t) + p(t)e = p(t) — ——(q(t),p(t), t)e .

Now this procedure can be carried further and further. Once we have q(t +
€),p(t + €), we can the get coordinates and momenta q(t + 2¢),p(t + 2¢) after
a further time step € by making another Taylor expansion. The changes of the

coordinates and momenta are then given by q(t + €¢)e = %—I;(q(t +¢€),p(t+€),t)e

and p(t + €)e = —%—Ig(q(t +¢€),p(t + €),t)e. We can continue like this, adding more

and more time steps, until we have the trajectories for all times. A sketch of this
procedure for systems with one-dimensional ¢ and p is shown in Fig. 5.1.

For a fixed € # 0, our procedure gives a good approximation of g and p at
later times. It can be used for example if we want to numerically determine the
trajectory. However there is a small error since we dropped all higher-order terms
in the Taylor expansion. If we want to prove that g and p at a given time determine
the trajectories for all time, we therefore have to take the limit € — 0.

Our observation has an important consequence: Through each point in
phase space there is only one unique trajectory. Hence, if we take a picture
of phase space like Fig. 5.1 and draw all possible trajectories, there will be no
intersections.
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Figure 5.1: Stepwise solution of Hamilton’s equations for one-dimensional ¢ and p.

5.2 Conservation laws and Poisson brackets

In Lagrangian mechanics, we had seen that conservation laws could be read off from
the Lagrangian: If L is independent of time, the generalised energy is conserved, if
it is independent of one coordinate, the corresponding momentum is conserved. In
Hamiltonian mechanics, these conservation laws are replaced by the following;:

If the Hamiltonian does not depend explicitly on time (i.e. %—I;I =0) it is

° . dH
conserved (i.e. G =0).

Proof: Using the chain rule and Hamilton’s equations, we get

@ apt) — OH . OH . 0H
g \DPt = aqq op ot
\,./
:—p :q
OH OH

AL R AL T

which is zero if H does not depend explicitly on t.

If the Hamiltonian does not depend on a coordinate g, (i.e. ngi 0) the

corresponding momentum p,, is conserved (i.e. dﬂ = pa =0).

Proof: This follows immediately from Hamilton’s equation p, = —ngi.

If the Hamiltonian does not depend on a momentum p, (i.e. gTH = 0) the

corresponding coordinate ¢, is conserved (i.e. dq—a = (o =0).

OH

Proof: This follows immediately from Hamilton’s equation ¢, = T
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Compared to Lagrangian mechanics we see that the first conservation law has a
cleaner form (only H shows up, not L and h) and that there is a new conservation
law for coordinates; the latter appears because coordinates and momenta are treated
on equal footing.

How do arbitrary functions F(q,p,t) change in time?

A conserved quantity need not be a coordinate or a momentum. Hence we should
also find out when an arbitrary function F(q,p,t) is conserved and how it changes
in time if it is not conserved. To do so we compute the total time derivative

dF  OF .+(9F .+8F

it aqg T op P o

If we now use Hamilton’s equations we obtain

dt—a—q'%—% 8p+8t. (5.11)

Here % . %—I; — ‘g—i . %—g is called the Poisson bracket of F' and H. The general

definition of the Poisson bracket is:

Def.: The Poisson bracket of two functions F'(q,p,t) and G(g,p,t) is given by

OF 8G OF 080G <<~ [OF 8G OF 8G
BGl=— Z( )

9¢ 9p 9p 9q = \9¢,dp, p, 04,

With the Poisson bracket we can now restate Eq. (5.11) as follows:

The time derivative of a arbitrary function F'(q,p,t) is given by

dF oF
E—{RH}""E'

This leads to the following conservation law:

If F is independent of ¢, i.e. F = F(q,p), then it is a conserved quantity if its
Poisson bracket with the Hamiltonian vanishes, i.e. if {F, H} = 0.

Poisson brackets allow to check easily whether a given quantity is conserved.

Examples
a) Fundamental Poisson brackets

The simplest Poisson brackets are those between coordinates and momenta. They
have the following form:

{0,938} = 0
{Pasps} = 0
{Ga,ps} = dap -

We see that all Poisson brackets between coordinates and momenta vanish except
the one involving a coordinate and the corresponding momentum.
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Proof: The first two formulas are trivial: When the functions F' and G are
both coordinates, the derivatives & 6— and aG in the definition of {F, G} vanish and
the result is zero. Similarly when the functlons F and G are both momenta, the
derivatives %—5 and %—g vanish and again the Poisson bracket is zero. The Poisson

bracket involving coordinates and momenta

9490 9ps _ O4a s
{Qmpﬁ} Z <8q7 8]%, 8]97 8‘]’7 '

is more complicated. To evaluate it we note that the derivative 2 8q islif =~ and

0 otherwise. Hence 1t can be written as the Kronecker delta d,3. For the momenta
. . aqa 8pﬁ

we similarly have a— = 0gy. In contrast the derivatives e and Bq, e always

zero. We thus obtaln
{QOm pﬁ} Z 5047557
'\/_
Here the summand is 1 if all coefficients coincide, i.e., if a = = . Otherwise it is

zero. Hence for @ # [ all summands are zero, while for = 8 one summand is 1.
The sum thus yields

{qgnpﬁ} = 5045

as required.

b) Components of the angular momentum

We now evaluate the Poisson brackets involving the components of the angular
momentum

T Pz
l=rxp= Y X Dy ,
z P
ie.,
le = yp.—2py
ly = ZPx — TPz
lz = IPy — YPzx -

The Poisson bracket of the first two components is

g Ol 0L L, 0L 3,
Wl 9x Op, Oy Opy Oz Op,

—(lz = ly)

where (I, < l,,) indicates the last three summands of the Poisson bracket for which

the roles of I, and [, are interchanged. Now we can use that %i; = 0, %—Z’ = 0,

g;f =0 and my = 0. This leaves only two summands, and we get

(g D Oy Oy Ol
o ly 9z dp, 0z Op,

= (=py) (=) = p2y =1

We thus see that the Poisson bracket of the first two components of the angular
momentum yields the third component.
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Properties of Poisson brackets

We will now derive a few rules that simplify the computation of more complicated
Poisson brackets. Here F, Fy, Fy, G, H are functions of g, p (and possibly time),
and a7 and ay are numbers.

1. Linearity:
{a1F1 + aF>, G} = ay{F1,G} + ax{F>, G}

2. Antisymmetry:
{FvG} = _{GvF}

3. Product rule:
{FG,H} = F{G,H} + G{F,H}

4. Jacobi identity:

{{F,G},H} + {{G,H},F} + {{H,F},G} =0

These rules imply that we should think of {F,G} as a kind of cross product of
phase-space functions. It should be a product since the definition involves products
of derivatives of F' and G; also the linearity property is expected to hold for prod-
ucts. However like the cross product, this product is an antisymmetric one, since it
changes sign if the two factors are interchanged.

Let us now prove these rules:

1. Linearity can be checked trivially if we insert a1 F} + aoF5 into the definition
of the Poisson bracket.

2. To prove antisymmetry we rearrange the terms in {F,G} and see that the
result coincides with —{G, F'}:

OF 9G_0F 0G
0q Op Op O0q
_<8G oF 0G a—F>:—{G,F}.

dq O0p  9p Oq

{FvG} =

3. To prove the product rule for the Poisson bracket, we use the product rule for
derivatives:

AFG) OH _(FG) OH
dqg  Op dp  Oq
0G O0H oF OH 0G 0OH OF 0OH

(FG,HY =

9q op “dq 9p 'p 04 " op Oq
— F{G,H}+G{F H}

4. The proof of Jacobi’s identity is a bit messy. It is listed below for complete-
ness:
For simplicity we’ll consider the case of one degree of freedom. The calculation in
higher dimensions is essentially the same; the only complication is keeping track of
indices.
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Let F = F(q,p), G = G(q,p) and H = H(q,p) be functions on phase space. We wish
to show that

HEGHHY+{({G H}, FY +{{H, F},G} = 0. (5.12)
Let’s evaluate the first term explicitly. We have that

{F,G} = F,Gp — FpGy,
where F, = 0F/Jq, and similarly F,, G, and G,. Then
O{F,G} O{F,G}
Hy, —
dq op

8(FQGZD — Fqu) 8(Fqu _Fqu)

Oq P Op ©

{{FaG}aH} = Hq

or

{{F, G}, H} = (quGp+Fquq_quGq_Fquq)Hp_(quGp+Fqup—Fpqu_Fqup)qu

(5.13)
where F,, = 0°F/dqdq, and similarly for F,, F,,, G4, etc. Note that Fy, = F,,, i.e.,
the ordering of mixed partials doesn’t matter; similarly for G4, and Hgp,. Similarly,
for the other two terms in (5.12),

{{G, H}, F} = (quHp"'Gquq_quHq_G;Dqu)Fp_(quHp+Gqup_GPPHQ_GPHQP)qu

(5.14)
and

{{H, F}, G} = (quFp+Hquq_Hquq_Hquq)Gp_(quFp+Hqup—prFq_Hqup)Gq'

(5.15)

Now it is simply a matter of adding together terms from (5.13), (5.14) and (5.15) to
see that everything cancels. For example, consider the term Fi,G),H,. This appears
in both (5.13) and (5.15), but with opposite signs. Likewise, you can check that every
other term appears in just two of the expressions (5.13), (5.14) and (5.15) but with
opposite signs.

In the rules 1, 3 and 4 above always the first argument of the Poisson bracket was
something interesting (a sum, a product or another Poisson bracket). Completely
analogous rules hold if the second argument is a sum, product or Poisson
bracket. They can all be proven from the rules already derived, if we use the
antisymmetry rule to interchange the two arguments.

Example
To illustrate the above rules let us evaluate the Poisson bracket {p,,l.}:

{py. l:} = {py,2py — yps}

= A{py, 2y} — {py, yps}

= {pyv $}py + {Py’py}iﬂ - {pyv Y}z — {py’py}y

= —{py,y}pe

= {y’py}pm

= Dz
Here we used linearity to get from the first to the second line, and the product
rule to get from the second to the third line. The third line then contains only

Poisson brackets of coordinates and momenta, which vanish apart from the term
—{py,y}. Finally we used antisymmetry and the fundamental Poisson brackets to

get —{py,y} ={y,py} = 1.
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Example (optional)

Consider a phase space with one coordinate g and one momentum p. Let us evaluate the Poisson bracket of ¢ cos(8p) and
& s
q sin(Bp):

q“{cos(Bp), q” sin(Bp)} + cos(Bp){q”, ¢" sin(Bp)}
q% q™{cos(Bp),sin(Bp)} + q° sin(Bp){cos(Bp), g™} + cos(Bp)q™{q™,sin(Bp)} + cos(Bp) sin(Bp){q™, ¢}

0+ ¢% sin(8p) (——6 C°;;ﬁ”) 3@%) + cos(Bp)g” (%—6 Si;‘f”) +o

{q" cos B(Bp), q” sin(Bp)}

= afsin®(8p)¢®* 7" + aBcos®(Bp)g” !

_ aﬁq2a71

In the first two lines we used the product rule. Then the derivatives were evaluated.

Applications

As mentioned above, Poisson brackets can be used to check whether a quantity
is conserved. Moreover Poisson brackets can be used to generate new conser-
vation laws. This is due to Poisson’s theorem:

Poisson’s theorem: If two phase-space functions A(q,p) and B(g,p) are con-
served then their Poisson bracket {A, B} is conserved as well.

Proof: We assume that A and B are conserved, i.e., that their Poisson bracket
with the Hamiltonian H vanishes. We then use the Jacobi identity to evaluate the
Poisson bracket of {4, B} with H. The result is zero:

{4, B}, H} = —{{B,H}, A} —{{H,A},B} =0.

=0 =0

Hence the Poisson bracket of {A, B} with H vanishes and {A, B} is a conserved
quantity.

We can thus get additional conserved quantities of a system by computing the
Poisson brackets of the conserved quantities we already know. For example, if we
know that [, and [, are conserved then their Poisson bracket {l,,l,} = . must be
conserved as well, and if p, and [, are conserved the same must hold for {p,,l.} =
pz. However computing Poisson brackets need not always give something new; the
Poisson bracket {A, B} may also be linearly dependent of A and B or trivial (say,
Z€ro).

5.3 Canonical transformations

A strong advantage of Lagrangian mechanics was that it the equations of motion
have the same form in all systems of coordinate. This freedom of picking coordinates
becomes even larger in Hamiltonian mechanics: Now we can perform coordinate
transformations in phase space, including transformations that mix generalised
coordinates and generalised momenta. Not all of these transformations will
be useful, but only those in which the basic ingredients of Hamiltonian mechanics
(such as the Poisson brackets) remain the same. These transformation are called
canonical transformations and defined as follows:
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Example: Consider a system with just one coordinate ¢ and one momenum p.
We can now define a transformation that just interchanges the coordinate and the
momentum and flips a sign:

This transformation is canonical because

{¢,4}op = 0

{p.rtopr = 0
dq Op 9q 9p 9P OI(-Q) 0PI(-Q)

lavtor = 3508p ~aP2g 9 oP 9P a0

Here the first two lines are trivial as the Poisson bracket of any quantity with itself
is zero.

Proof: We assume that (5.16) holds and try to show that {F,G}q p = {F,G}.
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We get

OF 0G OF 0G
thGler = 55 9p " op 00
Ly (2F 00 OF ) 5~ (0G 905 0GObs) [0 0
N 0qa 0Q  Opa 0Q = O0qg OP ~ Opg OP 0Q oP

Sy |9E9C (98a 05 Oa D5
- 4o 03 \OQ 0P 0P 0Q
={qa,q8}q,P=0

@%(3%.%_%.%)
940 Opp

oQ oP 9P 9Q

={qa:ps}Q,P=0ap

OF G <8pa dqg apa.aqﬁ>

dpadqs \0Q 0P OP 0Q

={pa,98}q@.P=—148:Pa}Q@,P==0as

O 06 (30 00 O0e 20)

Opa Ops \OQ 9P 9P 8Q
={pa,ps}tq,p=0
_ Z(@EJE%)
5= \9¢a Opa  Opa 9qq
= {F.G} .

In the first line, I simply wrote down the definition of the Poisson bracket. In
the second line, the first two derivatives were evaluated using the chain rule (i.e.,

g—g = Zizl (%% + %%), and it was noted that g—fi . % can be obtained

from g—g . g—g by interchanging the derivatives w.r.t. @ and P. Then the derivatives

were grouped together to obtain the fundamental Poisson brackets.

Hamilton’s equations

Canonical transformation also preserve Hamilton’s equations.

Thm.: If the transformation q,p — Q, P is time independent and canonical, we

have
. o0H
Qa - ﬁ
. o0H
P = 50,

i.e., if we express the Hamiltonian in terms of @, P and take derivatives w.r.t.
these quantities we get Hamilton’s equations just as for q, p.
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Proof: We have

9Qa
ot
~—~—
=0
- {QOM H}Q,P
d

Z(aQa OH _ 0Qq OH |
9Qs 0P 0P 0Qg

p=1 = ——
=bap =0

OH

oP,

Qa = {QomH}"i'

Here I used that the total time derivative of every phase space function can be
written as a Poisson bracket with the Hamiltonian plus a partial time derivative.
In our case the partial time derivative vanishes because the Q),’s do not depend
explicitly on time. Then the Poisson bracket was written in terms of @, P, and in
this form it could be evaluated easily. Similarly we obtain

. 0P,
Pa = {Pa, H} + W
—~—~
=0
= {Py,H}qp
B Ed:(apa OH _ OF, OH
- 9Q5 0P;  9P; 0Q;
5:1 N—— N——
=0 =60
B _8H
O 0Qa

Example

To illustrate canonical transformations, let us consider the one-dimensional har-
monic oscillator. If we set the mass equal to 1, the harmonic oscillator has the
Hamiltonian ) .
2 2 2

Since H does not depend explicitly on time, it is a conserved quantity. This means
that in phase space the particles can only move on trajectories for which H =
%pz + %w2q2 = const, i.e., on ellipses (or circles if w = 1), see Fig. 5.2. But we still
have to determine how fast the particles go along these ellipses.

The usual way to solve this problem would be to use Hamilton’s equations with
variables ¢ and p. One thus gets

. OH
. oH

This yields § = p = —w?q and thus ¢ = Asin(wt + ¢) where A and ¢ are constants.
For p we obtain p = ¢ = Aw cos(wt + ¢).
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q

D

Figure 5.2: The harmonic oscillator in phase space.

Alternatively we can make a coordinate transformation inspired by the form
of the curves. If the phase-space curves were circles, it would be convenient to use
polar coordinates in phase space. For ellipses one takes

p = V2Iwcosf

q = \/2—Isin9. (5.17)
w

(One easily sees that for w = 1, this boils down to polar coordinates with a radius
r = v/2I, and we would have H = %p2 + %qz = %7‘2 = I.) The coordinate I can
assume arbitrary positive values. Since ¢, p remain the same if the 0 is increased by
27 the definition range of 6 should be taken as [0,27). Now one of these variables
should be interpreted as a generalised coordinate and the other one as a generalised
momentum. It turns out that the appropriate choice is to take 6 (the “angle”) as
the coordinate and I (the “action”) as the momentum.

We have to show that this transformation is canonical. This can be done by
checking that the fundamental Poisson bracket {q,p}g s is 1 (note that {¢,q}g; =0
and {p,p}e,r = 0 are trivial),

(g.ple; = 249 Oadp
©PIoT = 591 T I 00

21 w 1 . .
= \/;COSH“Z(}OS@— \/msmﬁ (—\/2Iw> sin 0
1.

Expressed in terms of # and I the Hamiltonian now becomes

1, 1
H — 2p24 2,222
P T gwia

= Jwcos? + Twsin?0

= Jw,



108 CHAPTER 5. HAMILTONIAN MECHANICS

and Hamilton’s equations read

. oH
b= Fr=v
. oH
= % =0

We have thus managed to express the Hamiltonian in terms of only one variable,
1. Since the coordinate 6 does no show up, the corresponding momentum I has
become a conserved quantity — indicating that the particle stays on an ellipse in
phase space. Also we have seen that 6 increases with constant speed w. However
once 6 reaches 27, p and ¢ become the same as for § = 0, i.e. 6 is reset to zero. If
we draw the phase-space trajectories in a coordinate system parametrised by # and
I, the trajectories thus look like in Fig. 5.3: The ellipses from Fig. 5.2 have been
turned into straight lines.

I/\

> 0

o NV

0 T

Figure 5.3: The harmonic oscillator in action-angle variables.

Integrable systems

There are many more systems for which one can find a canonical transformation
such that the motion in phase space becomes trivial (going along straight lines):

Def.: A system is called integrable if there is a canonical transformation
qp— 0.1

(with g, p, 0, I denoting d-dimensional vectors) such that the Hamiltonian can be
written as a function of I only:

H=HI).

As for the harmonic oscillator the components of @ are called angle variables
and the components of I are called action variables.

For integrable systems Hamilton’s equations read

; oH

00{ - E

: oOH

Ia = —— =
00, 0

The second equation means that all I,’s are conserved quantities. Since in the first
equation 6 = g—g depends only on these I,’s it must be constant as well and 6,
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increases linearly. Thus, expressed in terms of 6, I the phase-space motion indeed
goes along straight lines.

Now which systems are integrable? It is important that there must be d differ-
ent conserved quantities I,. For a one-dimensional system one conservation law (for
the energy) is enough, in higher-dimensional systems we need more. Also it must
be possible to pick these quantities as momenta after a suitable canonical transfor-
mation. Hence the must be mutually independent and their Poisson brackets 1, I3
must vanish.

Roughly speaking, integrable systems are “nice” systems which satisfy enough
conservation laws to allow for an analytical solution. Most systems considered in
this lecture are of this type. For example the spherical pendulum is decribed by
two generalised coordinates and has two conserved quantities (the energy and the
angular momentum), which we had already used to obtain an analytical solution.



