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1 RIGID BODY ROTATION

1 Rigid Body Rotation

(Summation convention sometimes used in this chapter, should be clear from context.)

1.1 Basics of rigid bodies

A body is a collection of particles. We consider a set of N particles with positions 7,(¢) and

masses m,, where a = 1,..., N. Each particle obeys the equation of motion
ma%'a :Zﬁab+ﬁ§Xt, (].].)
b#a

where ﬁab is the force on particle a due to b and F Xt is the sum of all external forces on a. It
is mathematically convenient to define F,, = 0 and to take the sum over all b instead of over

b # a.
The total mass M of the body is
M= "mq. (1.2)
The centre of mass R is defined as
_ 1 . 2 1 .
R = M;mara = R= M;mara, (1.3)
which is just a weighted average with weights of m, /M . In the continuum limit, we have
|
mg — p(F) = M= / p(F)d®r, and R= —/ p(F)Fd3r . (1.4)
1% M Jyv
Similarly, the total momentum P of the body is

P=3 5= mi. = ME. (1.5)
a a

It then follows that

B mi -3 (z Fuuet ﬁ;xt) Y Rt YR (16)
a b ab a

a

By Newton’s third law, we have

ﬁab = _ﬁba = Zﬁab =0. (17)
ab
Hence, we have . )
P=ME=>) F*. (1.8)

So, total momentum of the body is conserved if no external forces act on the body with internal
forces having no effect.
The total angular momentum L is

L= la=) FaxXPa=) mMaTa X Ta. (1.9)
a a a
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The rate of change of total angular momentum is then
2 d/ iR LooL Ly
L= ;madtOﬂa X ra) = ;m(L(ra X Ty + Ty X ra)
=3 e x o
a
(1.10)
Y (D)
a

b
= Zf'a x Fyp +ZF‘1 x Foxt,
ab a
Let’s inspect the first term. It follows from Newton’s third law that

E FaXFab:_E FaXFba.
ab ab

Since the indices a and b are dummy indices, we can relabel a <> b to obtain

Z’Fa Xﬁab:Z_Fb Xﬁab = ZF‘I X ﬁab: %Z(Fa_"?b) Xﬁab. (111)
ab

ab ab ab

If the inter-particle forces are central, the force Fo points in the direction of the separation
vector T, = 7, — Tp. Hence, the contribution above becomes identically zero and we get

L=> 7 x F™* =7, (1.12)
a

where 7 is the total torque on the body due to external forces. We again see that the inter-
particle forces are averaged out as far as the total angular momentum is concerned.

Finally, we look at how the motion of the body decouples into centre of mass motion and
relative motion about the centre of mass. We define the position relative to the centre of mass:

7* =7 — R. (1.13)

Then, we have

S :Zma(Fa—R’) — MR- MR =0, (1.14)
as expected. The total linear momentum about the centre of mass is also identically zero,

P =S "m.; =Y ma(Fa—R)= ME-MR=0 = P*=0. (1.15)
The total angular m:mentum is :Xpressed in terms of 7, as follows:
L= mar x fa =3 ma(7 + R) x (7 +ﬁ)
:Zma[f’; X 7+ FE X R+ R x 7 + R x }ﬂ
= x (Zmaf;f) x R+ B x <Zmai~';> + MR xR
:imaf;x%mﬁ:ﬁ '

L*+RxP,

(1.16)
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where we defined the angular momentum about the central mass L* = D oaMaly X 7":;" The
rate of change of L*is given by

N GUR
=2 mafa X T - (Zmarz) x B — I x <2m> + MEBx
=§)wax%—M;xﬁ '
=D T x B = R x (Zﬁ;xc>
=£Xa—ﬁ)x@ﬁ a
a

(1.17)
where we assumed central inter-particle forces.
The total kinetic energy of the body is
1 5 N 1 ok 2 . 2
r=gma(fi) =g Xom( e A) - (7 )
1 IR e = Lon
=3 ma<ra T, + 21, ~R+R-R> (1.18)

—

1 EATRE N | =
iza:mara T —|—§MR-R.

The first term is the kinetic energy about the centre of mass and the second term the kinetic
energy of the centre of mass. Hence, we see that both the kinetic energy and the angular
momentum decouple into a centre of mass part and a part about the centre of mass.

We conclude the section by stating that for a rigid body, |7, — 7| = 0 for all @ and b by
definition.

1.2 Rotation

Consider a rigid body rotating about a point P. Define a fixed space frame {éa} and moving
body frame {é,(t)} which rotates with the body. We choose the basis vectors to be orthonormal:

Ca -y =0, and é4(t) - éy(t) = dap V. (1.19)
Proposition. For all t, there exists a unique, |orthogonal matriz R(t) such that
€a(t) = Rap (1) (1.20)
Proof. Construct R(t) by the rule
éa(t) = Rup(t)éry & Rap(t) = éa(t) - &
Then, by orthonormality we have
Sab = €a(t) - e(t) = Rac(t)éc - Roa(t)éq = Rac(t)Roa(t)6ca = RacRic = Rac Ry, = (RRT)qp.
Since RRT =1, R is orthogonal. Finally, R is unique by construction. O

So, the rotation of a rigid body may be completely specified by a 3x 3 orthogonal matrix R(t).


https://en.wikipedia.org/wiki/Orthogonal_matrix

1.3 Angular velocity

RIGID BODY ROTATION

Example (Rotation about fixed axis). Consider a ro-
tation with constant angular velocity w about é, as de-
picted to the right. We have

éx(t) = &, coswt + &, sinwt,

&y (t) = &, coswt — &, sinwt,

é.(t) = é..

Writing this as a matriz equation we can recognise
R(t):

ex coswt sinwt 0 € E
éy | = | —sinwt coswt 0 éy v
é, 0 0 1 é,

1.3 Angular velocity

Any point 7 in the body can be written in space or
body frame:

F(t) = 7o (t)éa

= 1yé4(t)

space frame,

body frame.

By using the rotation matrix, we can relate the components 7,(t) and r, as follows:

The velocity is

dP drg(t) s dég(t)
D= =" “=" &
Let’s have a look at the é,(t) term:
dé, d _ dRgyp -

dt :ﬁ[R“b(t)é”] T Tat

Substituting éy = lecléc = Repé. yields
dé . R .
7: = RabRcbec = WacCe,
where we defined wqe = RapRep-

Proposition. w is antisymmetric.

Proof. Since R is orthogonal, we have
5(15 = RapRep =

hence wge = —Weq-

0= Sac = RabRcb + RabRcb = Wac + Wea,

é.,é(t)
_w ey(t)
\,/th . éy
wt \\
'
éx(t)
(1.21)
(1.22)
(1.23)
O
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Since w is antisymmetric, it has only 3 independent components. We can therefore define a
vector with components:

€abcWhe- (1.24)
We treat w, as the components of a vector in the body frame, so that

W= Weéq. (1.25)
The reason we choose the body frame instead of the space frame will become apparent shortly.

Example (Rotation about fixed axis - again).. Referring back to the previous example, let’s look
at w and & given R(t). By definition, wae = RapRep, hence

. —sinwt coswt O coswt —sinwt 0 0 w 0
w=RRT =w| —coswt —sinwt 0 sinwt coswt Ol =|-w 0 O
0 0 0 0 0 1 0 0 O

Then, we can calculate components of & by equation (1.24), which yields
W= weé,,
where note again that the components are expressed in the body frame {é,(t)}.

Now, let’s write wq. in terms of wy:

1 1 1
€adeWa = ieadeeabcwbc = 5(56“166() - 6dc(seb)wbc = i(wde - wed) = Wde-

Relabeling the indices we get:

Wac = €pacWb = —€abcWh- (126)
Now, we can rewrite dé,/dt as:
de
7: = —€apewWpbe = Wp(€p X €4) = W X &g, (1.27)

where we used that for right-handed coordinates é, X é, = €4pc€.. Obtaining this relation was
the reason we defined the components of & to be in the body frame. The vector & is the
instantaneous angular velocity.

An important corollary of relation is that given any vector A we have

A= Ageyg+ Agéy = Auby + Ag® X 6q = Agéq + & x A. (1.28)
A special case is for the position vector, since 1, = 0 for any point on the rotating body,

F=@ X7 (1.29)
1.3.1 Inertial forces

As an aside, let’s not limit ourselves with a rotating rigid body but instead consider any rotating
frame. Suppose our frame rotates with angular velocity & and we are interested in describing
the motion of some particle with position 7(¢). By Newton’s law,

mr = F.
Noting that in the rotating frame 7(t) = r,(t)é,(t), we have

P =7T¢lq +Tq@ X €q = Up + & X T, (1.30)


https://en.wikipedia.org/wiki/Angular_velocity
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where we denote U = 74, # 7. This is not the velocity of the particle but the velocity measured
in the rotating frame. Similarly,

F = Fyy Tl X Eq + Tl X €4 + Tl X Eq + Tl X (@ x &) (1.31)
— R+ 20 X Tp+ @& X F+& X (& % 7), '

where @ denotes acceleration measured in the rotating frame. The equation of motion is

—

F .
d’R:——(ZcUxUR—i—cUxF—i—wx(cUxf’)). (1.32)
m
The 3 extra terms on the right hand side are called |fictitious forces. They arise due to the

motion of our frame.

Example (Foucault pendulum). Consider a pendulum of length @

£ and mass m, free to swing in the (x,y) plane in the coordinates

defined on the right. We ignore motion along z. For the Earth, 7 3
we also set & = 0. Now, note that the centrifugal force & x (& X )

points along 2. The net effect of this is to reduce the effective X &

gravitational acceleration, so let g denote this reduced value. For
small angles, the equation of motion with the Coriolis force is

. g — e
P = —=7 =20 X7,
14

where we ignore the z component. Evaluating the cross product
yields

. 9

T — 209+ zm =0,

y+2m+%y=0,

where we defined w, = wsin A = Q. We can rewrite this, defining u = x + iy as
i+ 2iQu + wiu = 0
where w3 = g/l. The solution is given by
u(t) = e "M (Ae1t + Be ),

with wy = /% + w3. Notice that Q governs the rotation of the plane of swing.

1.4 Rotation about a fixed axis

First, let’s consider the simple case where the direction of & is fixed. Let &
point along és, so that é5(t) = és for all t. The total angular momentum along
ég is

Ly=¢é;3- Zmaf’a X (W0 X 7y) = Zmarglw = Jw, (1.33)
a a

where we defined the moment of inertia about é3 as I := . mgr2, , where
rq1 is shown on figure to the right. The moment of inertia arises naturally
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from the kinetic energy as well:

1 N i 1 — — — —
T:§Zmara~ra:§ M (D X 7y) - (D X 7)

a

_1 Mg (W?rd — (& - 7,)?)

- 9 a a a
¢ (1.34)

1 N

=3 mq (e — (Fa - €3)%)w
a

_ 1 2 T 2

=5 2 Maraw” = Slw’,
a

where note that 72| =r2 — (&5 - 7,)%

1.4.1 Support force

Suppose a free body rotates with some angular velocity &. Then, it follows that the body must
rotate about its centre of mass, meaning & should pass through the centre of mass position
R. This is because, in the absence of external forces the centre of mass moves with constant
velocity. In the frame of reference where the centre of mass is stationary, we must have

R=dxR=0 = &|R. (1.35)

When the body doesn’t rotate about its centre of mass, external forces are required to keep the
rotation axis fixed. We write this condition as:

ﬁ+(j=Mﬁ:M(c’vxE+wx(@xﬁ)ﬂ?x%), (1.36)
Where VR denotes the centre of mass velocity as measured in the body frame. By definition,

Vg = 0. F is the net external force acting on the centre of mass of the body, and Q is the
support force acting through the rotation axis.

Example (Compound pendulum). Consider a com- Q’
pound pendulum with moment of inertia of I about é,
and mass m with centre of mass a distance R away from
the pivot. The equation of motion is:
€x
0= sin 6,
1 AN
along with energy conservation: %\\ R R
I N (7]
1 . | \
5]927ngcos9:E | N
Note that & = ééz and R = Ré,.. Then, the inertial | X
forces are: | €r
Gx R=Réy, @x(&xR)=—RE%, |
Finally, in the body frame the external force is
F =mg(cosfé, —sinféy). F=mg

Putting everything together and substituting foré and 0, we find that the support force is

2 2
Q —mgs1110(1 — mf )ée _ (mgcos@{le QW”ER ] N QmRE>

This does not necessarily act radially, as the ég component is non-zero for I # mR2.
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1.5 Inertia tensor

The inertia tensor generalises the moment of inertia to rotations about arbitrary axes. It again
arises naturally from the angular momentum and kinetic energy. The angular momentum is

L:E mﬁ}xf’izg m;7 X (& X 7%)
i i

= § Mi€a€abcTi,b€cdeWdTie

K2

=&, Z M (8addbe — Jaedbd)Ti pWdTi e (1.37)

(3

~ 2
=éa Y mi(riwa — ri.aripws)
i

5 § : 2
= €q m; (Ti 5ab - ri,ari,b)wb
%

Hence, we see that the components of L are

Lo = mi(rida — riaris)ws = Lupws, (1.38)

K3

where we defined the |inertia tensor| I with components

I = Z m; (rféab — riyar,;b). (1.39)
i
Now, consider the kinetic energy:

1 o
Tzizi:miﬁ~ﬁ:f mi(& x 75) - (@ x 7)

1
5 Z m; (eabcwbrz‘,c) (Eadewdri,e)

7

1

=3 D mi(Gpadee — Gpedea)wpwari,crise (1.40)
1 2

9 Z my (Tz‘ Obe — Ti,cTi,b)wac

_ 1 T _ — I-»

- wa beWe = 2UJ w.

From the definition of the inertia tensor (1.39)), it follows that I is symmetric:

Iy = Zmi (r76ab — TiaTip) = Zmi (rZ6ba — Tipria) = lba- (1.41)

The components of the inertia tensor are measured in the body frame because we used the
relation . Since the components of the position vector r; are time-independent in the
body frame, so are the components of I.

The inertia tensor generalizes to continuous bodies as follows:

y? + 22 —xy —Tz
I= /d3r o™ —yx 2+ —yz |, (1.42)
—2T —zy %+ y2


https://en.wikipedia.org/wiki/Moment_of_inertia#Inertia_tensor
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where we denote the position vector in the body frame as

F: xél —+ yég —+ Zég.
Since the inertia tensor is a real, symmetric matrix, we can diagonalise it by an orthogonal
transformation: I’ = OIOT and é/, = Oé, where O is an orthogonal matrix. This would yield

I
1= A . (1.43)
I3

The body axes in which I is diagonal are called the principal azes. Eigenvalues I 3 are called
the principal moments. The angular momentum and kinetic energy take particularly simple
forms under this choice of axes:

- 1
L = Lwé1 + Iaweéo + Iswszes and T = i(Ilw%él + Igwgég + Igwgég). (144)

If any two principal moments are equal, I; = I;, then the body is said to be symmetric.
Then, any two perpendicular vectors lying in the plane spanned by é; and é; are also principal
axes. To see why, set Iy = I3 and consider a rotation by angle § around é;:

1 0 0 I 1 0 0 I
I'=0I0T=|0 cosf sinb I 0 cosf —sind| = I =1.
0 —sinf cosf I 0 sinf cosf 1>

If all principal moments are equal, the body is said to be totally symmetric. In this case, any
three mutually orthonormal vectors are principal axes.

1.5.1 Examples

Example (Rigid rod). Consider a rigid, one dimensional rod of
mass m with length £ along é,, as shown on the figure. The centre
of mass is located at the origin. The mass density is

o) = {m/f y=2z=0,|z| <€/2, = e R

0 otherwise.

Setting y = z = 0 in equation (1.42) yields 11 =0, I;; =0 for all i # j, and

¢/2 m ml?
1222133:/ d$*$2:7.
_g/g g 12

The body is symmetric, as we would expect. Since the body has no extension along é, or é., the
principal moment along €, is zero. As all non-diagonal terms in I are zero, €, . are principal
azxes.

Example (Line of beads). Consider a line of N equidistant beads of equal mass along the x
axis as shown on the figure. Enumerate beads by i = 1,..., N so that the position of the i-th
bead is

£ li—1
$i=—2+u(v_1))7 yi = 2; = 0.
The inertia tensor is
N M 0 02 0
ZF 0 22 0
i=1 0 0 a?

10
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€z
L/(N —1)
-« - > éy és
- ® @ - °

where M is the total mass. By symmetry, we again have Iso = I33. Performing the sum yields

2N —1 1
Ipg = I35 = M| —— — =
As a sanity check, note that this is always positive for N > 2. Furthermore, in the limit N — oo,
we recover the moment for rigid rod.

Example (Cube). Consider cube of side length a and total mass M. The mass distribution is
uniform:

o) 0 otherwise.

L {M/a3 (.y,2) € [~a/2, a/2]",
It is obvious by symmetry that 111 = Ioo = I33:

M a/2 a/2 a/2 2M a/2 Ma2
I3 = — dx/ dy/ dz (x? + ) = =— dra® = 22
a —a/2 —a/2 —a/2 a —a/2 6

The cross terms evaluate to zero since the integrands are odd. The body is totally symmetric.

Example (Sphere). Consider a sphere with radius a, total mass M. The mass distribution is
uniform:

3M/( 4ma®) 2%+ y2 + 22 <aq,
() = { SM/(4m) |
0 otherwise.
Clearly, by symmetry I11 = I3o = Is3:

3M 2
= — di (z* +y*) = = Ma®.
Arad Jrac, r@”ty) = gMa

I33

Likewise, the cross terms evaluate to zero due to symmetry. The body is totally symmetric.

Here is a fun thought experiment: Consider two free masses, a cube with side length ¢ and a
sphere of radius \/5/12¢. How can we tell them apart if we can only probe their rotational and
translational degrees of freedom?

11
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1.5.2 Parallel axis theorem

So far, we have only been calculating the inertia tensor about the centre of mass. If the body
is not free, it will not necessarily rotate about its centre of mass. But the inertia tensor about
the centre of mass has a nice property which allows us to compute the inertia tensor about an
arbitrary point more easily. We write the position vector as r; = 77* + ]%, where R is the centre
of mass position. Then, the inertia tensor is

2
Tap =Y mi(ridap — riaTis)
7

12
=S [+ 7 = (a4 Ry + )
= Z m; ( [(7"1‘*)2 +2r R+ RQ} Oab = TiaTip — Tiads — Rariy — RaRb)

i (1.45)
= Z m; ((ri*)zéab — Tifar[fb) + 2Rqp Z m;r; — Ry Z mir; , —Ra Z miryy,

=0 =0 =0

+ Z m; (Rzéab - RaRb)
=I%, + M (R?60 — RoRy).

So the inertia tensor decouples into the inertia tensor about the centre of mass I* and the inertia
tensor of the centre of mass. This is known as the |parallel axis theorem.

1.6 Euler’s equations

We are interested the equation of motion for a rotating rigid body under external torque 7. As
we can completely specify the rotation of the body by the rotation matrix R(t), and since it is
possible to obtain R(t) from &@(t), we may look for an equation relating & to 7. We start by
stating

dL  d ., . . =

E = %(Laea) = Laea + Law X €y =T. (146)
Now, we work in the principal axes and write the principal moments as
with the summation convention. Then, we have L, = I (@), and so

(1,2.3) t6 avoid confusion

L= I8 + IOwawnéy X 80 = I®aé0 + IOwewpepactse. (1.47)
Substituting this yields
L= (I(C)wc + I(a)wawb%ac) =T (1.48)
=  L.=I90, + espawawp ¥ = T... (1.49)
We may explicitly write the set of three equations:
Ly = Iy + waws (1<3> - I<2>) =, (1.50)
Lo = I + waw (I<1> - I<3>) =, (1.51)

73. (1.52)

L3 = 1(3)(,03 + wiws (1(2) - I(l))

These are called the Fuler equations.

12
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1.7 Euler angles

We want an explicit parametrisation of the rotation which takes us from the space to the body
frame. Any arbitrary rotation may be expressed as a composition of 3 rotations about 3 different
axes. We want rotation R such that é, = R,;€p. Let’s split this into the three steps:

R3 ()

{8} = (&} O (e} {éa). (1.53)
First, we rotate by ¢ about és. So, é, = Rg((/ﬁ)abéb where
cos¢ sing 0
Rs3(¢) = | —sing cos¢ 0. (1.54)
0 0 1

Then, we rotate by 6 around €] so that €] = R1(6)qs€,, where

1 0 0
Ri(0)=10 cosf sind |. (1.55)
0 —sinf cosf

Finally, we rotate by v about é4 so that é, = R3(v))qs€} where

cosy siny 0
R3(¢) = | —siney cosyp 0. (1.56)
0 0 1

Putting everything together, we have R(¢,0,v) = R3(¢)R1(0)R3(¢p).
Let’s now express the angular velocity in terms of the Euler angles ¢,8,. In time dt, the
angles change as

(¢,60,9) — (¢ +do, 0+ db ) + dip),
which means the angular displacement is
Gdt =dpeés+doé) + dp el
and hence the angular velocity is given by
S=q¢és+0¢ +vel. (1.57)
Now, we need to write ég, é1 and é4 in terms of é1 2 3. This is a straightforward computation:

N7} N
63 = €3,
¢} = €] = cospé; — sin éa,

b5 = ¢ = sinfél) + cosféy = sinf(sine é; + cos1h éy) + cos 0 é.
Hence, we have
@ = ¢(sinB(sinth &1 4 cos ) é3) + cos 0 é3) + O(cosp &y — sinth é3) + v é3

:él(ésinesmwwcosw) +é2(<ésin9cos¢_9'sin¢) +é3(¢cose+¢). (1.58)

13



2 LAGRANGIAN MECHANICS

2 Lagrangian Mechanics

(We use Einstein summation convention throughout this chapter.)

2.1 Generalised coordinates

Newton’s laws restrict us to deal with components of vectors in inertial frames. We are interested
in formulating classical mechanics in a way more general than that. A sensible first step would
be to propose a way of specifying the configuration of a system.

The (spatial) configuration of any given system with (finite) NV degrees of freedom is specified
by a finite set of coordinates {q',q?,..., qN} Such a set of coordinates is called generalised
coordinates. For example, a set of n free particles requires 3n generalised coordinates to specify
the position of each. A free rigid body is described by 6 coordinates: 3 for centre of mass
position and 3 Euler angles.

We can go one step further and define a configuration space C as the space of all possible
configurations of the system. A choice of generalised coordinates {¢®} then becomes an explicit
parametrisation of C. The configuration of a system at any given time corresponds to a point
in C. As the system evolves in time, it traces out a curve in C.

All we need now is a method to determine which particular curve is traversed.

2.2 Action principle

Since we are interested in finding a particular curve out of all possible curves in the configuration
space, we will need to use wariational calculus. Let’s define a functional of the generalised
coordinates such that a stationary point of the functional corresponds to the path traversed in
the configuration space. This functional S[g|, called the |action, is defined as

Slg) = / "Lg.,0)dr, (2.1)

i

where L(q,q, t)E| is the Lagrangian, defined as the difference between the kinetic and potential
energy of the system:
L(g, q,t) :==T(q) — V(g,1). (22)

Out of all curves in C with fixed endpoints

q(t;) = ¢ and q(ty) = qy, (2.3)

the system follows the one which makes the action S stationary. This is called the action
principle.

Note that in equation we assumed that the curve is parametrised by time so that
q* = q*(t). Equivalently, we could have used an arbitrary parametrisation. If the Lagrangian
has explicit time dependence, using another parametrisation would imply that time itself should
be taken as a generalised coordinate. In relativity, since space and time are treated on an equal
footing, the curve may not always be parametrised by time.

IStrictly speaking, the configuration of a system at a given time is represented by a point on an N dimensional
manifold. The coordinate functions ¢* provide a local chart to the manifold. To specify the complete state of
the system, we need to specify velocities associated to each coordinate. This corresponds to the tangent bundle
of the manifold, which itself is a 2N dimensional manifold. The same information is captured by the cotangent
bundle. It is called the phase space.

2The set of all generalised coordinates {ql7 ey qN} is denoted by ¢, and similarly ¢ denotes the set

{@*,...,dV
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2.3 Euler-Lagrange equations

To find the path which stationarises the action, we consider the variation
68 = S[q + dq] — Sld], (24)
where dq is a small perturbation to the trajectory. The boundary condition ([2.3]) implies

Sa(t:) = da(ty) = 0. (2.5)
The variation in the Lagrangian is

oL oL

OL = L(a+ 84,4+ 64,1) = L(q 4, 1) = 5 200" + 520" (2.6)

Note that we always work up to linear order in dq. The variation in the action is then given by

ts tr (oL oL
— L == @ i . 2
0S8 /t dL dt /t (8q“ oq” + 9q dq ) dt (2.7)

i i

Integrating second term by parts:

b oL oL _ | [t d (oL Y d (0L
g dt = 0| — — dg*dt = — — dq* dt.
b 037 T |, /t dt(@qa) 4 /t dt(é)c]“) 4
=0
Hence, we have
trToL d (0L
= - — “dt = 0. 2.
5= [ o~ i) oo ae =0 29
Since this must hold for all dq, we must have
oL d (0L
= _ 2 (=) = . 2.
g dt<8q’“) 0 Va (2.9)

This is known as the Fuler-Lagrange equation.
As a side note, the [functional derivative 6S/dq is defined such that

58
= _ a . Nl
58 / w0 (2.10)

So, for a Lagrangian which depends on ¢, ¢ and ¢, the functional derivative is

(2.11)

6§ 9L d (0L
8¢ 9q*  dt\9¢* )’

We may now show that the action principle is equivalent to Newton’s laws. Choosing Carte-
sian coordinates, we have

1
T= §m(j;2 + 97+ 2%)

for a single particle. Then,

L d [ OL % _
W_dt(ﬁi:a)__mxa_axa_o = mi=-VV (2.12)
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Example (Double pendulum). Consider two equal point masses m attached with rigid rods of
length £ as shown from the figure. The system admits a two dimensional configuration space
spanned by (0,¢) € [0,2m)? (as a manifold, this is a torus). The kinetic energy and potential
energies are

T = ml%6? + %m€2¢2 +ml?0¢ cos(f — ¢),
V = —mgl(2cos + cos p).
Hence, the Lagrangian:
L=T-V =ml**+ %mﬁqy + ml%0¢ cos(0 — ¢) + mgl(2 cos b + cos ¢).
The Euler-Lagrange equations for 8 and ¢ are
200 + (¢ cos(0 — ¢) + £d? sin(0 — ¢) + 2gsind = 0,
0 + 00 cos(0 — ¢) — £0%sin(0 — ¢) + gsing = 0.
These form a system of coupled second-order nonlinear differential equations.

Example (Spring pendulum). Consider point mass m and let 6 denote the angle from the
vertical and x the extension of the spring, ¢ the natural length of the spring, and k the spring
constant. Then, we can write the kinetic and potential energy:

1 : 1
T = —m(l + 2)%6* + —mi?>
2 2
1
V=—mg(l +x)cosb + 5]{:}32.
The Lagrangian is

1 252 1 .o L, 2
L=T-V= 5m(€+x) 0 —|—§mac +mg(€ + ) cosf — ik‘x .

Then, the Euler-Lagrange equation for 0 is:

oL _d
80 dt

(6L) = —gsinf=2i0 + ({ + ).

00

Similarly, for x we have
oL d

oL . )2
%_dt< > =  mé=—kx+m(l+x)0° + mgcosh.

i

Note. Although FEuler-Lagrange equations are useful, they are not fundamental. It is often
better, especially in field theories, to vary the action directly instead of writing down Fuler-
Lagrange equations. Also, a lot of important results are more easily shown starting from the
action. The next subsection is a good example of this.
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2.4 Coordinate transformations

The beauty of the Lagrangian formalism is coordinate invariance. The Euler-Lagrange equa-
tions are coordinate invariant - meaning they look the same in any coordinate system for the
configuration space. This should be obvious as the action principle deals with paths in the
configuration space. How we choose to parametrise the configuration space should be irrelevant.
However, we will gain greater insight if we look at how functional derivatives transform.

Consider a coordinate transformation which may depend on time with non-zero Jacobian
determinant:

qa :qa(q17""qN’t) and qa :qa(q17"'77N7t)' (2'13)
The Lagrangian in the transformed coordinates is
Z’(67 é)t) = L(Q(a7 t))d(@a é? t)’t)7 (2'14)

where
_dg" _ 9q" b Oq°

= = a0 * o (2.15)
First, look at 8]?/8(]“:
oL 0 _ R
aiqa - 8@@ [L(q(qat)aq(qaqvta t)):l
Lo, oL o
© 0¢b 0ge T Ogb 9g°
\ \ , (2.16)
_OLOq | OL 9 (0g .c 04
T 9g 0 " agage \ag! T ot
L 9¢®  OL ([ ¢ .. 0%¢
=+ == ——(q + — .
Oq® 0q° ~ O¢b \ 0q*0g° 0qot
Now, look at 6‘E/8f]a:
OL Lol 0L 0 (0. 00\ _OLOZ. OLOS
9" 0 0g" o ag \ogc! T ot ) oo’ o oge ‘
Hence, we have
d <8L> _d <8L aqb) _d <8L)5‘qb n oL d (3qb>
a\og) = a\og o) = @\og ) o + o0 @t \ o
0q ¢* g ") g q q (2.18)

_d(OLNOog  OL( &¢ .o ¢
T at\o¢ ) age " ag¢ \ogrog? T ogeot

Putting (2.16) and (2.18) together, we obtain the transformation rule for the functional deriva-

tive:
S oL d (0L oL 4 (0L ¢’ B dq® 4S8
dge  9g® dt(aé“) B {aqb dt(aqb>] 9ge 9§ dgb”
It follows from this that if the Euler-Lagrange equations hold in one set of coordinates ¢, it holds
in all sets of coordinate related to ¢ by some transformation of the form . But that’s not
it! Interestingly enough, the functional derivative transforms as a covariant tensor! Although
none of the two terms in the functional derivative transforms as a tensor, their combination
does.

(2.19)
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Note. We may prove the same result directly from the action by noting

S:/wmmﬁ:/ﬁi@@wsj %:/ﬁ%%f:/ﬁ%%w (2.20)
q“ q“
The variations are related by:
—a __ =a —a _ &?a b
0q" =q"(q¢ +9¢,1) —q"(q,t) = o oq’. (2.21)
Combining the two:
oS 5S og° 5S  0g® §S
0§ = [ dt — ¢ = [ dt — 0q” = —. 2.22
5 / 5! / 5ot T St T dgn o (2.22)

2.5 Dissipation in Lagrangian formalism

Dissipative systems are more tricky to deal with due to the fact that dissipative forces are not
conservative and so not derived from potentials. Suppose we can express dissipation in form of
some dissipative forces. Then, we can make use of the transformation property of the functional
derivative to incorporate dissipative forces into the equation of motion.

Consider a system with 3 degrees of freedom which may be expressed in Cartesian coordi-
nates. Let v be the dissipative force. The Newtonian equation of motion reads:

mz=-VV +7, (2.23)

where we naturally split up the forces into conservative and non-conservative components. Re-
ferring to equation (2.12)), in component form:

ov .. ov 0S

+ rya <:> —’ya = —mxa — 783:& = 6‘%7&’ (2.24)
where 7, denotes the covariant component of 4. Now, we have a tensor equation since both
terms transform covariantly. Then, the equation of motion in any coordinate system ¢ is:

ot _ou s a8
Oq® = 0qe oxb  0ge’

(2.25)

This may be generalised for systems with more (or fewer) degrees of freedom. For constrained
systems, describing the system with Cartesian coordinates may require the use of Lagrange
multipliers.

I’'m sure there is a better approach to deal with dissipation, this is the one I could come up
with.

2.6 Holonomic constraints
Holonomic constraints| are relationships between the coordinates of the form:
falzt,..., 2™ t)=0, a=1,...,M —N. (2.26)

These can be solved for N generalised coordinates {q',...,¢"}. The system is said to have N
degrees of freedom and so the configuration space is IN-dimensional.

Holonomic constraints arise naturally if we try to describe the configuration space with more
coordinates than degrees of freedom. An example would be to use Cartesian coordinates (z,y)
to describe a simple pendulum swinging along a plane.
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We can deal with holonomic constraints without explicitly solving for the generalised coor-
dinates. We consider instead the Lagrangian

L'(x,@ M\ t) = L(z,@,t) + Y Aafalz,1), (2.27)

where we treat A as additional coordinates. These are known as Lagrange multipliers. The
Euler-Lagrange equation for A\, reads:

ov (o
9Aa o
which is the constraint itself. The Euler-Lagrange equation for the coordinates are
oL" d /oL oL Ofa d (0L 0 fa
= —_ )\ai_* = = — . 2.2
Dze  di (ag'ca) doe "2 Gae T dt <a¢a> Z (2.29)
Constraint forces may be found by choosing Cartesian coordinates, then

3V 8 fa

) = fa($7t) = 07 (228)

..a

(2.30)

2.7 Lagrangian transformations

Some transformations of the Lagrangian leave the dynamics invariant, but may make the equa-
tions easier to obtain. Let’s have a look at a few of them.

1. For any A € R and f(t), the Lagrangian
L'= XL+ f(t)

describes the same dynamics as the Lagrangian L. To see this, simply consider the func-
tional derivative:
578'_8L’ i@L'_@L d oL\ | &S
5q@  O0q¢  dt\0¢r) T 0q* 2¢* ) " éqe’

2. Adding a total derivative to the Lagrangian shifts the action by a constant which leaves the
dynamics unchanged. Consider the action associated with the Lagrangian L' = L+ df /dt:

ly ty
S’:/ L—i—%dt:/ Ldt+ f
t; t;

i

ty
= S + constant.
ti

Note that f can be a function of time and any of the generalised coordinates and their
derivatives, so that f = f(¢,4,q,...,t).

3. If the Lagrangian is totally conserved, meaning

dL_ 0L, 0L, 0L
at ~ age? T ot T e T

then any (nice enough) function of the Lagrangian F'(L) describes the same dynamics. To
see why, consider varying the action &' = [ dt F(L)

- (L oL .
58 /th(L)(aa 5 >
o(prp) 0L _ 4
_/dwq( dq° d[
( oL  d
/th ( dq° d[ ]
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The solution of the Euler-Lagrange equation for Lagrangian L makes the first integral
vanish, meaning the transformed Lagrangian F'(L) also obeys its Euler-Lagrange equation
provided dL/dt = 0. This trick is used in relativity to consider L? instead of L.

2.8 Conserved quantities

A function F(q,q,t) is called a constant of motion (or a conserved quantity) if its total time

derivative vanishes,

dF OF ., OF ., OF

at . I 2.31

a og? Topd Tar =Y (2:31)
along the path in configuration space taken by the system. Hence, F' remains constant as the
system evolves.

Suppose OL/3q* = 0 for some ¢*. Then, by Euler-Lagrange:

d (0L oL oL
dt(@qa> ~ o 0 = 9 is conserved. (2.32)

The quantity dL/0¢* defines the generalised momentum associated with coordinate ¢*:

oL oL
Y = = = Py = ) 2.33
Po = e be = 5o (2.33)
In Cartesian coordinates, p, corresponds to linear momentum:
oL .
o = FL. = MTg.
b oz®
Now suppose the Lagrangian has no explicit time dependence. Then, the quantity
oL
H= " — L=p,¢*—L 2.34
9 Pad (2.34)
is conserved, since
dH d oL oL oL oL
A A ey ga o OL ., w_OL_ 0L _ 9 35
g = g Pad ) = Paq® + Pa R 5 (2.35)

H is the Hamiltonian, usually identified with the total energy of the system.

2.9 Noether’s theorem

Conserved quantities are related to continuous symmetries of the Lagrangian. First, let’s define
what we mean by a continuous symmetry.
Consider a transformation of the coordinates ¢ which depends continuously on some param-
eter s such that
Q"

q*(t) — Q%(s,t) = q*(t) + s B +0O(s?). (2.36)
s=0
The Lagrangian then transforms as
l oL 2
L(t)— L'(t,s) = L(t) + s i O(s%) (2.37)
S ls=0

This transformation is said to be a continuous symmetry of the Lagrangian L if

oL

- - r_ 2
95|, 0 & L' =L+0(s%. (2.38)
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In other words, the Lagrangian remains constant to linear order as we dial up or down the
parameter s. Noether’s theorem states that for each such symmetry, there exists a conserved
quantity.

The proof is as follows: Let 7 be some arbitrary time interval. The variation of the action
over 7 due to a symmetry transformation (to first order in s) is

58, =S — 8, = /dt (L' — L) =0. (2.39)

The same variation can also be expressed by explicitly varying L with respect to the coordinates,
noting that dg* = s 9Q%/0s |s:0:

of OL  d ] OL d (0L _,
0—687—/Tdt6q (aqa _dt{aqab —|—/Tdtdt<aqa5q ) (2.40)

The first integral vanishes because we’re varying on the solutions to equations of motion. Since
T was arbitrary, the integrand of the second integral must vanish, which implies

d (9L 0Q°
dt \ 0¢* Os

> =0. (2.41)
s=0
This is our conserved quantity.

2.9.1 Space translation symmetry

Suppose the Lagrangian has translation symmetry, so that
L(7 + sit, 7, t) = L(F, 1) (2.42)
for some constant vector 7i. Then, the associated conserved quantity is

oL,
oz®

a a g

=p,n® =p- 1. (2.43)

Hence, linear momentum in the 7 direction is conserved. This may be generalised to many
particle systems.

Suppose now that we work in cylindrical coordinates (r, ¢, z) and the Lagrangian has rota-
tional symmetry about the z-axis, so that

L(r,¢ +s,2,7,6,2,t) = L(r, ¢, 2,7, $, 2, t). (2.44)
Then, the conserved quantity is
% = pg. (2.45)
For a kinetic energy of the form
T = %m(ﬁ + %)+ %I& = py=1Ip=L,,

so the angular momentum about z is conserved.

2.9.2 Time translation and the Hamiltonian

Finally, consider time translation invariance, meaning the Lagrangian remains constant as t —
t + s. This implies dL/0t = 0. We know already that this implies that the conserved quantity
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is the Hamiltonian. The explicit derivation is slightly different from space translation since
coordinates are parametrised by time. First, note that

6L:L’—L:s%+(’)(52). (2.46)
This yields .
0S8, = s/Tdt e (2.47)
Now, note that the coordinates transform as
q"(t) — q"(t+s) = q"(t) + 54" (1),  ¢*(t) — ¢"(t+ ) = ¢"(t) + 54" (). (2.48)

Then, explicitly varying the action yields

LOL 0L
o5 = [ (s 575
(0L d[dL oL
Jawsie (5~ () = L () (2:49)
oL ..
_S/Tdt(aqaq >

Equating the two expressions for §S, yields:

d (oL dH
— *—L)|=0 — =0. 2.50
dt (aqaq ) T (2:50)
2.10 Kinetic matrix
Consider rewriting the set of Euler-Lagrange equation as:
0S
b =0 © Ewd’ + Ma=0. (2.51)

This can be done explicitly:

oL d (OL\ oL 9L ., L , &L
== ) = — e - —gb — (2.52)
0qe  dt \ 9¢* 0q®  0¢bdge 0qbOq° Otdq”
0%L
Zgp = ——— 2.
2 2
L oo PLog . PL 0L 250

a0’ " atoge  age
Provided det(Z) # 0, we can invert the equation to yield a set of coupled second order equations:

{* = —(Z271H"M,,. (2.55)
Although the kinetic matriz may seem useless now, it will become useful when we talk about

stability.

2.11 Stability and oscillations

We can deduce a lot about the behaviour of a system around its equilibrium points assuming
the Lagrangian is of the form:

L(4:d) = T(a: ) ~ Via) = 50u(@)i’d" ~ V(a) (2.56)
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Natural systems

A system is said to be natural if the kinetic energy can be written as a quadratic, homogeneous
function of ¢:

1 v -
T= §aab(q)q“q” (2.57)

for some «p(g) which can be a function of the coordinates g. For a single particle of mass m,
the kinetic energy is given by

1 ca -
T = Smgand"d", (2.58)

where gqp(q) is the metric tensor. We therefore see that ag, contains information about the
metric associated with the coordinates ¢, as well as the inertias of each constituent of the
system. Note that a can be chosen to be symmetric.

Assuming a Lagrangian of the form , we see that the kinetic matrix is given by

%L 1 0?
zZ =— == — (¢ = . 2.59
(@)ab 93707 5ed(9) 905 (@°¢°) = aan(q) (2.59)
From now on we will work with the kinetic matrix instead and simply write
. 1 ca -
T(q,4) = 5 Zapd"d"- (2.60)

Equilibrium points

An equilibrium point geq is defined as a point in the configuration space which satisfies the
Euler-Lagrange equations for all time ¢. In other words, the curve ¢(t) = geq is a solution of
the Euler-Lagrange equations. This implies ¢ = 0. We can then find an equilibrium point by

solving;:
oL _ 4 ( 8.L > =0 Va. (2.61)
0q® e, i=0 dt \ 0¢¢ e, d=0
For a Lagrangian of the form , we have
OL 102 4., oV v
dqe 2 Og* i=0 04|, dq” qeq’
and oL 1 d ( OL 1dZ 1
gt §Zabqb = clt(ﬁd“) =3 d:b(ib - + §Zabijb - =0,
where ¢ = 0 = ¢ = 0. Hence, an equilibrium point may be found by simply solving
g;i = 0 Va. (2.62)

Small oscillations

Now, let’s try to describe the system about an equilibrium point geq. We start by considering a
small perturbation in the form

q*(t) = geq +n"(t) (2.63)
for all a. Since we want to obtain equation of motion linear in 7, we have to expand the
Lagrangian about geq up to second order. This yields

1 0%V

0Zap : ca b b 3
cp gt - 2| et o 2.64
qeqn + )nn 5 5gi0g qeqnn +0(n%), (2.64)

. 1
L(q7 q) = § (Zab(Qeq) + ch
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where we omitted the constant term V' (geq). Noting that 7 = O(n), only the first constant term
in the expansion for Z survives. Then, we have

0L 1 0%V 0 0*V

= __- T () = —
0q° 2 9qb0qc ona (°n°) 0q*0q®

n’ =V,

Qeq qeq

where we defined Vj;, = 02V / 0q°0q® evaluated at qeq. Similarly, we have

e = B0 5 () = Zu? (2.65)
Ci(g;) = Zyif’. (2.66)
Hence, the Euler-Lagrange equations read
Zail” + Va” =0 = i = =(Z7'V)%n" = Foy, (2.67)
where we defined the matrix ' = —Z~'V. In matrix form:
ij = F7j. (2.68)

The solution is given in terms of the eigenvectors p; of F', assuming they exist with real eigen-
values \? € R:
Fji; = M2ji. (2.69)

The general solution is then given by:

i(t) = Z fii (A" + Be™ 1), (2.70)

where A; and B; are integration constants. The stability is determined by the eigenvalues A\? as
follows:

1. If A? < 0, then \; = 4iw; for some real w;. This corresponds to simple harmonic motion
with frequency w; and the system is stable in the 77 = fi; direction.

2. If A2 > 0, the perturbation 7 grows exponentially in the i; direction since \; € R. The
system is unstable.

The eigenvectors ji; are called normal modes. The system is said to be stable around the
equilibrium point if all the normal modes of oscillation are stable, meaning \? < 0 for all 4.

Example (Double pendulum). Recall the Lagrangian for the double pendulum discussed before:
) 1 . ..
L o 06 + §e¢2 + £0¢ cos(0 — ¢) + g(2cos 6 + cos ¢).

An equilibrium point is (68, ¢) = (0,0). The kinetic matriz is

00 (s ) = 0= )

Similarly, V is

Then, we have
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The eigenvalues yield wy = 2 + /2, with eigenvectors

o= () o= ()

The wy mode corresponds to the pendulums swinging in opposite directions, and the w_ mode
s pendulums swinging in phase.

2.12 Continuous systems

What happens when the system we want to describe doesn’t have a discrete set of generalised co-
ordinates, but a continuum? This is the case for any field or composite system in the continuum
limit. Such systems have infinite degrees of freedom. Let’s first look at a simple example.

One-dimensional string

Consider a string of length ¢y with fixed endpoints at = (0,€y). The state of the system is
specified by the displacement from equilibrium ¢(z,t) for each € [0, £o]. Our set of generalised
coordinates is now a continuous function of position! Let’s write the Lagrangian. We use the

notation 96 96
0y = or’ oo = ot

To find the kinetic energy, we have to be careful about how we define the mass density p. The
more thorough approach is to define it so that it is homogeneous throughout the string:

where M is the total mass and £ is the total length of the string. Note that by this definition,
the mass density decreases as the string is stretched. The total length of the string is

E:/dﬁz/\/da;Q—kquQ:/Oéox/l—k(@z(ﬁ)de. (2.71)

Then, the kinetic energy is given by

1

- %/(8t¢)2dm - /M(atw . (2.72)

This is a horrible expression which depends both on 9;¢ and 9,¢ (through d¢). We can simply
this by assuming the displacement is small and smooth so that 0,¢ < 1. Then,

1
dl = \/1+ (0,0)* do = (1 + 5(81;@2 +.. > dz = dz + 0((0,9)%) ~ dz, (2.73)
= M R M 1o = constant. (2.74)
AN

With this approximation, the kinetic energy is

Lo
T 5/0 1o (Bu6)? d (2.75)

The potential energy is due to the stretching of the string and is given in terms of the tension

k as
V = k(¢ —f) (2.76)
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where we assume the tension remains constant. The length difference (¢ — ¢p) is given by

0ty = /020 (1 + %(am)? b ) dx — ly = ;/j (0:0) + O((020)) ) dw,  (277)

where this time we have to keep terms of order (9,¢)? otherwise we get no potential. The
potential is therefore

Lo
V= 3/ k(D) da . (2.78)
2 Jo
The Lagrangian is
Z() 1
L=T-V-— / 5 (409 ~ K(0,0)") (2.79)
0

which is a functional of the field ¢. The integrand is called the Lagrangian density, denoted Z.
In terms of .Z, we have
o 1 > >
L= Zdr, where %= §(M(at¢) — k(8u0) ) (2.80)
0

The action for a general continuous system in one-dimension with Lagrangian density .Z is

S[¢] = /dt/dw$(¢, 019, 0. 0), (2.81)
S S / dt / dx [Z{ZM; @@(5@; a(a‘;z (Qﬂam(w)} e
- fa [ |55 - 5ot - 52 (a0er) oo =0

This is the Euler-Lagrange equation for a continuous field ¢(z,t), given in terms of the La-
grangian density £ (¢, 0;¢, 0,¢). For the string, this yields

0%¢ 0%

which is the wave equation.

Klein-Gordon equation

We can generalise this formalism to fields ¢ of time and any number of space dimensions. Let
ot = {t,z,y,z} with p = 0,1,2,3. Then, ¢ = ¢(z") and 9,¢ = 0¢/0z". The Lagrangian
density is in general:

L =ZL(¢,0u0,").

The Euler-Lagrange equations take the form:

0L 0L
3~ a.m) = .
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2.12 Continuous systems 2 LAGRANGIAN MECHANICS

Consider a Lagrangian density of the form

~ LYoo -Live -
2 =5 00) ~ 5IVol = V(9).

0% oV
96 09
() - 52
“\o(,0)) — o2

(O
V. <8:?> = -V
(Vo)

This yields the Klein-Gordon equation:

_ ¢
ar2

ov ov
2 _ = = — _—— =
+Vp 30 Ue 99 0,

where we defined the d’Alembertian operator O = 97 — V2.
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3 HAMILTONIAN MECHANICS

3 Hamiltonian Mechanics

3.1 Legendre transform

Suppose we have a function of two variables f = f(z,y). Now, introduce variable u, related to
x,y by
_9f

or’
We will need to invert u for x to write some & = z(u,v). This puts a constraints on our
function f(z,y), in the sense that 9f/0x needs to be a monotonic function of u for all y. This
is equivalent to the statement that f(z,y) is a|convex (or concave) function of z for all y.

We want a transformation of the form:

u (3.1)

0
f(z,y) — g(u,y) where = a—g, (3.2)
u
so that w and x are treated symmetrically. In other words, u is related to x through f in the
same way as x is related to u through g.
The simple substitution g(u,y) = f(z(u,y),y) won’t satisfy the symmetry property. So,
consider:

g(ua y) = ’U,SC(’U,, y) - f(x(u, y)7 y) (33)
= % =z(u,y) + u[“)x(ais y) _ afg;’ v) &E(@l: y) = z(u, y). (3.4)
——

=u

This satisfies our condition. Does the inverse transform exist? Consider the transform g(u,y) —
h(z,y) where x = dg/0u:

h(z,y) = zu — g(u,y) = zu — (zu — f(z,y)) = f(z,y). (3.5)

Hence, not only does the inverse transform exist, it is obtained by repeated application of the
original transformation in the sense that

flay) =% g(u,y) =5 f(z,y). (3.6)

This transformation is called the Legendre transform. We will apply it to the Lagrangian to
obtain the Hamiltonian.

As a last note, we note that the Legendre transform generalises to multiple variables as
follows: suppose we have a function f(z1,...,z,,y) and a set uy, ..., u, with

Ug = Ua(T1,y ..y T, Y) = invertible so that x, = 2q(u1,. .., Un,y) = Ta(u, y).

L

The Legendre transform is given by

g(ula cee 7un7y) = Zxa(uay)ua - f(xl(ua y)7 s 75En(ua y)vy)' (37)

3.2 Hamilton’s equations

The point of the Hamiltonian formalism is to reformulate the Lagrangian formalism in terms of

the generalised momenta
oL

Paiafq.av
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3.2 Hamilton’s equations 3 HAMILTONIAN MECHANICS

instead of the ¢®. So, we define the Hamiltonian H(q, p,t) to be the Legendre transform of the
Lagrangian L(q, ¢,t) with respect to ¢:

H(qap7 t) = paqa - L(q7 q.a t)7 (38)

where ¢ is eliminated by inverting the generalised momenta p, = 9L/9¢* to get ¢* = ¢*(q,p, t).

There are many ways to recover the equations of motion. Again, I find it best to refer back
to the action whenever possible. The action, written in terms of the Hamiltonian is now a
functional of (g, p) with no explicit dependence on ¢, p:

Slows] = [ dt (vud*(a.0) = Hla.p.0). (39)
Now, we vary the action by dq and dp:
H H
08 = /dt <qa5pa +pa5qa - 0 6qa - 85p0>
dq” Ipa

(3.10)

oH oH
__]/dt<§p“[qa5p ]6qa[pa*6qa}> -

where we assumed the boundary condition d¢(t;) = d¢(ts) = 0. Requiring S = 0 for all ¢ and
Op yields Hamilton’s equations:

OH
— 11
=5, (3.11)
oOH
y — 2 12
bo =5 (3.12)

Let’s look at a few simple conservation laws. If the Hamiltonian has no explicit time depen-
dence so that OH /0t = 0, then H is a constant of motion:

dH _OH . OH  OH _OHOH OHOH 0H _0H
dt ~ ot T op,t" T ot T 0q"Opa  OpaOgt | Ot Ot
Note that 0H /0t = — OL/Jt, so this result is consistent with the results in the previous section.

If the Lagrangian doesn’t explicitly depend on some coordinate g%, then so doesn’t Hamil-
tonian by construction. The associated momentum p, is conserved:

. OH _
Pa = _aqa -
We already knew these conservation laws from the Lagrangian formalism. Later, we will see

a greater class of transformations called canonical transformations, and associated symmetries
and conserved quantities.

= 0. (3.13)

(3.14)

Example (Simple pendulum). Recall the Lagrangian for a simple pendulum:

1 .
L= §m€292 + mg cos 6.

The conjugate momentum is

oL .
= —— = mlh>.
Do Y]

The Hamiltonian is
2
Py

H=pgl— L=
be 2mie?

— mgcosfb.

Equations of motion are

OH Do ) OH .
=—= = ——— = —mgsiné.
Ope

0 me P o0
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3.3 Phase space 3 HAMILTONIAN MECHANICS

3.3 Phase space

In the Lagrangian formalism, the time evolution is described by a set of N Euler-Lagrange
equations, each of which is second order in time. In the Hamiltonian formalism, this set of N
second order equations are replaced by a set of 2N first order equations: N for momenta and
N for coordinates.

Recall that in the Lagrangian formalism, the system is described by a point in an N dimen-
sional configuration space C. Time evolution traces out a curve in C. There is a subtle point
here: the path in C depends on a set of 2N initial conditions (qo, o). A point in C only gives
half of the initial conditions - it doesn’t specify ¢o. In this sense, a point in configuration space
does not give a complete description - the state - of the system.

In the Hamiltonian formalism, the N dimensional configuration space is replaced by a 2N
dimensional phase space. A pair (g,p) specifies a point in phase space. Since Hamilton’s
equations are first order in time, a point in phase space not only describes the system, but
completely determines the time evolution. It gives a complete set of 2N initial conditions and
completely specifies the state of the system.

As a corollary, since any point in phase space completely determines the time evolution of
the system, trajectories in phase space can never intersect due to uniqueness. The evolution is
said to be described by a flow in the phase space.

3.4 Poisson brackets
Suppose we have some function F'(g,p,t) defined over phase space. The total time derivative is

dF _OF OF . OF _OF  OF 0H 8F8H:8871;“+{F7H}, (315)

ot T aged TP o T o opn  op 0g°

where we defined the Poisson bracket of two functions f(q,p,t) and g(q,p,t) to be
af 9g  Of g

{f.9}:= 94" .~ Op. O (3.16)
Let’s look at some properties:
1. Antisymmetry: {f,g} = —{g, [}
2. Linearity: {af + Bg,h} = a{f,h} + 5{g, h}.
3. Leibniz: {fg,h} = f{g,h} + g{f, h}.
4. Jacobi: {f,{g,h}} +{g.{h, f}} +{h.{f.g}} =0.
A corollary of equation is that for any F(q,p), we have
{F,.H} =0 = % =0 = F conserved. (3.17)

For example, if H doesn’t depend on some g;, then

Op, OH ~ Op, OH

H = _— _— =
{pa, H} dq® Opy  Opy, Og® ’

SO p, 18 a constant of motion.
Suppose F' and G are constants of motion, Then, {F, G} is also a constant of motion since

{F.GyLHY ={F{G H} +{G {H F}}=0

by Jacobi. The constants of motion form a closed algebra under the Poisson bracket.
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3.5 Liouville’s theorem 3 HAMILTONIAN MECHANICS

Hamilton’s equations can be written in terms of Poisson brackets as
q"={q".H}, po={pa,H}. (3.18)

Finally, the Poisson brackets of the coordinates are:
{¢".d"} =0, {papp} =0, {ga,m} =53 (3.19)

Angular momentum

Consider the angular momentum in Cartesian coordinates:

=

L=7xp & L,=eu2"p,.
Let’s look at the Poisson bracket structure:
{L1, Lo} = {$2p3 - 333172,1‘31?1 - xlps} = {$2p37$3p1} + {963172,3611?3} = —$2p1 + $1p2 = Ls.

This generalises easily to:
{La, Ly} = €, Le.

Furthermore, we have
{L? L,} =2L"{L,, L.} = 2L", "L, = 0.

The similarity to quantum mechanics is not an accident.

3.5 Liouville’s theorem

We will present two almost equivalent statements of Liouville’s theorem: one in terms of the
time evolution of a volume in phase space; the other in terms of the evolution of a density
function.

3.5.1 Phase space volumes

Theorem (Liouville 1). Consider some bounded region ) in phase space. As time evolves,
although the shape of the region may change, the total volume of it remains constant.

Proof. Consider a 2n dimensional phase space. The volume element at a given point (g, p) is
dV =dq*...dq" dp, ...dp, = d"qd"p. (3.20)
In time §t, the coordinates transform as

a O ~a a .a ot~ .
¢ 25 (q,p) = ¢ + (¢, p)t + O(82),  pu =5 Balq, ) = Pa + Palq,p)dt + O(51%), (3.21)

where we note that each ¢* and p, are functions of all coordinates (g, p). The volume element
transforms with the Jacobian:

AV 24 4V = dngd"p = det(J(6t)) d"qd"p (3.22)

where the Jacobian is given by

9 .. o4 Oq1 . 941 9q1 .. 94
8(]1 8pn 1 + 5t 6‘]1 6t 81)77, a‘11 6pn
J@o) =1 :+ - ] = : - : =1+6t| S (3.23)
n .. Obu Opn. .. Opn Opn .. OPn
9q1 Opn ot 9q1 L+t Opn 9q1 Opn
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3.5 Liouville’s theorem 3 HAMILTONIAN MECHANICS

Now, we have to take a short linear algebra aside. For any matrix M, the determinant can be
expressed in terms of the eigenvalues as

det(M) =[N = det(l+eM)=][[(L+eN)=1+eTr(M)+O(e), (3.24)

K2

where we used ), A\; = Tr(M). Now, combining equations (3.23) and ({3.24)), we get that

7 8q'a 6]5,1 2 n m
=(1 . 2
dv ( +5t{aqa + apa] + O(ot )) dqd"p (3.25)

By Hamilton’s equations, the terms in square brackets vanish:

9¢°  0Opa _ O°H _ O°H —0
dq*  Opa  0q“Op,  Op.Og*

Hence, we get

dV = det(J(5t)) dV = (1 + O(6t%)) dV . (3.26)
Noting that J(t = 0) = 1, we have
det(J(8t)) = det(J(0)) + O(6t*) = % =0. (3.27)

We're basically done at this stage. But, for completeness, we can consider the finite volume V'

of a region ):
V(t) = / av,
Q

which, after time Jt becomes

vierdn = [ a7 = [ (1ro@e) v v +o@e) - -0

This completes our proof. O

3.5.2 Distributions over phase space

The second, almost equivalent statement of the theorem is concerned with distribution functions
over phase space. Suppose we have an ensemble of IV identical, independent systems distributed
in a 2n dimensional phase space by some distribution p(q,p,t). Each system is described by
a corresponding point in phase space at a given time. Also suppose the time evolution for all
systems is governed by the same Hamiltonian H (g, p, t).

The normalisation condition is

NZ/p(q,p,t) d"qd"p Vi, (3.28)

where the integral is taken over all phase space. Correspondingly, the number of systems in a
volume 2 of phase space is given by

NQ:/p(q,p,t) d"qd"p. (3.29)
Q

Theorem (Liouville 2). The distribution p is constant along every trajectory in phase space.

That is, dp/dt = 0.
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Proof. From equation (3.29)), it follows that

We can express this in terms of some phase space fluzx J so that

dN, 5 o S o

792_7{ J-dS:—/V~Jd"qd"p, (3.31)
dt 09 Q

where we used the divergence theorem. Note that since we are dealing with a 2n dimensional

phase space, the V operator is given by

N
~\ogm 0 Bp o)

Combining equations ([3.30) and (3.31) and noting we can take an infinitesimally small region
Q) yields

Lo ap op = -
— [ V- Jd"qd" :/—d” an = —+V.J=0.
/S , qa'p o Ot qa'p ot
This is the continuity equation for a distribution over phase space.
Since p(q,p,t) is the number density of systems, the flux can be expressed as

-

J(q,p,t) = p(q,p,t)v(q,p, 1),

where ¥ is the velocity of the flow in phase space:

7= (-1 n - : ) — aiH aiH _37]{ _6£
- q ""7q 7p17"'7p1’7, - ap:l)""apn) aql""? 8qn
This implies
2 2
. 0°H  O0°H —0
0q“Opa Opa0q”

Hence, we have

Ip S I W Op . Op dp

- v. T = (g “ — =0. 3.32

% — 5 -(ip) =5 G%ﬁhm - o (3.32)
This completes our proof. O

Although the two theorems seem different, we can infer one from the other. Consider the
number of systems in some region ). As we follow €2 along its flow in phase space, we expect
the number of systems enclosed in the region to be conserved, that is

Nq(t) = Ng(t +6t) = /p(q,p, t)d"qd"p = / p(q,p,t +0t)d"qd"p. (3.33)
Q

Q
By the first statement of the theorem, we have

d"qd"p = (14 0(6t*)) d"qd"p,
which implies
/Qp(d, p,t+0t)d"qd"p = /Q (p(q@, Bt +6t) + O(6¢%)) d"qd"p = /Qp(qm, t)d"qd"p.
Substituting § = g + ot and p = p + pdt and taking Q to be small, we conclude

d
p(q + Gdt,p + pot, t + 6t) — p(q,p,t) = O((Stz) = d—? =0.

The reason I've said the two statements were almost equivalent is that the first statement merely
a statement about volume flows in phase space and doesn’t introduce any distribution function.
In this sense, it is more fundamental and, as it turns out, it is a direct consequence of the
symplectic manifold structure of phase space.
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3.5.3 Liouville equation

We can rewrite dp/dt = 0 in the form

ap ap . ap . op OH 0p OH
_— = — a a = — _— = I{7 . . 4
ot (aqaq * apap ) Opa 0g° 9q* Opq { p} (3 s )

This is known as the Liouville equation. It is a statement of Liouville’s theorem in terms of the
distribution function.

3.6 Canonical Transformations

Recall that the Euler-Lagrange equations were coordinate invariant, meaning they took the same
form under coordinate transformations of the form ¢ — Q%(q). Now that we are dealing with
the Hamiltonian formalism, we are interested in the class of transformations of the form

¢" — Q"(¢,p), and pe— Palq,p) (3.35)
which leave Hamilton’s equations invariant. By this, we mean that we require

.. OH .
Q —aif)a, and Pa_

_0H
Q"

Such transformations are called canonical transformations. We may explicitly write out this
condition:

(3.36)

0Q"0H 0Q°0H _ OH 0¢" OH dp, _ OH (3.37)
dq® Opy,  Opy 0¢®  Oq® OP, = Opy OP,  OP,’ '
oP,0H O0OP,0H B OH d¢b OH Opy B OH

U op Om 08 000G p gt 0Qr

Q" ={Q" H} =

P,={P,,H} = (3.38)
Comparing terms gives us a set of equations relating ¢, p, @, P. These put the following con-
straints on Q and P,:

9 9" Q" dp,  OP.  Opy  OPa I

oP,  op,’ 0¢¢  9Pe  ag  9Qe op,  oQa

(3.39)

As you can see, things tend to become too tedious, too quickly with this notation. Instead,
consider the 2n-tuple & = (g, p) and the 2n x 2n matrix J:

J — ( Onxn 1n><n> . (340)

*]-nxn Onxn

J is an example of a |symplectic form. Hamilton’s equations now read:

2n
Z= J%—g & @ = ;Jijgg. (3.41)
Now, consider the transformation
#— (@) = (Qla.p). Pla.p). (3.42)
Then, we have
. Oyi . Z Oyi oH Oy, . OH Oyy (3.43)

Ui = .= e = kT .
’ . oz, m Ox; 7" Oz, i Ox; 7" Oyp Oy,
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Now, note that Oy;/0x; is the Jacobian associated with the transformation. Denote this by
2n X 2n matrix M:

9y _ (10Q/0q] [0Q/9p] )
M=22 — nxn nxn 3.44
o= ([orfou]"c" omson (344
Now, we can write equation (3.43) as
0H . OH
i =Y MjJaMp—— << y=(MIM")—. 3.45
y jzk; i Mk y=( )8y (3.45)
For the transformation to be canonical, we require
H
J% = MJMT =1 (3.46)

So, ¥ — 7 is a canonical transformation if and only if MJM?T = J. This is know as the
symplectic condition. Matrices M which obey this are said to be |symplectic.
Let’s have a closer look at the symplectic condition. Suppose M is any matrix of the form

A B
v=(& )
where each entry A, B,C, D is an n X n matrix. Then,

MJMT—AB 0 1\fA C\ (A B\(B D\ _ 0 AD — BC
~\C DJ\-1 0)\B D) \C D)\-A —-C) \BC-AD 0 ’
Then, our requirement simply reduces to AD — BC' = 1. Expressed in terms of the Jacobian,
this is
oQ" 9P,  0Q" OF,
9q® dp.  Opy 9g.

= o8 (3.47)

3.6.1 Poisson brackets

How do Poisson brackets transform under canonical transformations? Consider the Poisson
bracket of two arbitrary functions f and g:

3f 99 _ Of 9y of
{fag} zga 8yk Mlilja Mlj = ay

99 _ 3f 39 _
(3 48)

Hence, Poisson brackets are left invariant under canonical transformations. This can equiva-
lently be taken as a defining property of a canonical transformation.

We can do one better and even claim the following: A transformation is canonical if and
only if the Poisson bracket structure between the coordinates and momenta are unchanged:

{Q*.Q"} ={P,, P} =0, and {Q° P} =74} (3.49)

Proof. First, note that the Poisson bracket structure between ¢ and p can be written as

63@ ;
{.TZ,LL']} Z sz

(MJMT)

Following the same method, we have
{yi,y;} = (MJMT)”. =Jy; & MJM" =1 (3.50)

This completes the proof. O
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Note that

_ (1Qi,Qj} v 1Qii P},
MJMT_({Pi,Q;},M {Pi,P]j-}an) (3.51)

So, canonical transformations preserve the Poisson bracket structure, and whenever the Poisson
bracket structure is preserved, the transformation must be canonical.

Transformation of coordinates

We know from the Lagrangian formalism that under a coordinate transformation ¢; — Q;(q),
the Euler-Lagrange equations are left invariant. Let’s check what constraint this puts on P, in
the Hamiltonian formalism.

We refer to equation (3.47) and note that 9Q/dp = 0, so

_ ¢
= 50"

aQ° 0P,
= §¢ Pa
g Ip. o =

This also follows from P, = dL / Q% , as we would expect.

3.6.2 Infinitesimal canonical transformations

Suppose we consider transformations of the form
¢* > Q%q,p;0) and p, — Pulq,p;0), (3.52)

which depend continuously on some parameter 8. We set § = 0 to correspond to our original
coordinates such that Q*(¢,p,0) = ¢* and P,(q,p,0) = p,. We can write such an infinitesimal
transformation as

dQ*

¢ — Q" =q"+90 +0(6%), (3.53)
a9 |,_y
P

Pa— Po=pa+0 4P +0(6%). (3.54)
a9 |,_,

Requiring that this is canonical puts constraints on the functions dQ*/df and dP,/df. From
equation (3.47)) we find that this constraint, to linear order in 6, is

d [dQ° B 0 [(dP,
aqb( de)__apb(d9>’ o
which is satisfied if Qe oG dP oG
@ ~op. " W o 0

for some function G(g, p) which is called the generator. An infinitesimal canonical transformation
must then look like:

q"— Q" =q" + 925 0(6?), (3.57)
Pa '+ Py = pa — Ggqci +0(6?). (3.58)

Note that so far we have been interpreting transformations in the passive sense: relabeling same
points on phase space with different labels (choice of coordinates). A one-parameter family
of canonical transformations can instead be viewed in an active sense: as taking us from one
point in phase space (g,p) to another (¢(0),p(0)). As we vary the parameter 6, we flow along
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trajectories in phase space. The components of the tangent vector to the trajectories are given
by
dg®* 0G dpa oG
— = , and — =— .
do Opa, do dq”
This is just Hamilton’s equations with the Hamiltonian replaced by generator G and time
replaced by parameter 6. Then, time evolution itself can be thought of as a canonical transfor-
mation of coordinates

(3.59)

(q(to), p(to)) = (a(t),p(1)),

generated by the Hamiltonian.

3.6.3 Noether’s theorem

Consider an infinitesimal canonical transformation generated by G. The generator G is called
a symmetry of the Hamiltonian if, under the transformation, the Hamiltonian is left invariant.
To see when this happens, simply consider the variation d H:

0q“ Opa  Opq Oq°

H H H H
§H:(') 5qa+‘9 5pa = ((’) oG  0H 0G

5 e ) = 0{H,G}. (3.60)

G is a symmetry if {H, G} = 0. But we know already that G = {G, H}. So if G is a symmetry,
it is obviously a conserved quantity.
3.6.4 Generating functions

Generating functions provide a different approach to obtaining canonical transformations. Now,
let’s consider transformations which can have explicit time dependence so that

" — Q% =Q%q,p,t) and pg+— P, = P,(q,p,t). (3.61)

In general such transformations modify the Hamiltonian (as we will see). In this case, the
transformations are said to be canonical if there exists a new Hamiltonian K = K(Q, P,t) such
that

Q" = g—g and P, = —%. (3.62)
Let’s now look at the action in both coordinates:
Slg.p) = / pod® — H(g.p.t)dt and S[Q,P] = / P.GQ° - K(QPt)dt.  (3.63)
We require that 0S[q,p] = 0 < §S[Q, P] = 0. This implies
Apai® — H(g,p, 1) = PQ" = K(Q, P,t) + F. (3.64)

for some constant A and function F. If A = 1, the transformation is said to be canonical;
otherwise it is extended canonical. Finally, if Q = Q(¢,p) and P = P(q,p) without explicit
time dependence, the transformation is restricted canonical - which is what we considered so
far. Now, we only impose A = 1.

Note that F' should be a function of ¢, and t. We can infer this by looking at dF":

dF = Fdt = p,dq” — P, dQ" + (K — H) dt . (3.65)

We can perform Legendre transforms to obtain functions of other phase space coordinates. If
the Legendre transform is a function of one of (¢, p) and one of (@, P), it is called a generating
function. There are four types:
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1. Let F = Fi(q,Q,t). This relates ¢ to Q. Then,
oFy, O0F, ., OF .

i"py — H = Q%P — K + —— e, )
q"p Q + 5t tagd +aQaQ (3.66)
Matching the terms yields
6F1 6F1 aFI
w=——, Po=———-, K=H-+—. 3.67
Pa= Bge Q" M7 (3.67)

This gives us the rest of the transformation p, = pa(q, Q,t), Po = Pu.(q,Q,1t).

2. Now, we simply take Legendre transforms. Let F' = Fy(q, P,t) — Q®P,, where F; relates

q to P. Then,
0F, 0F, ., OF, .

“Dg — H=—-QP, — K + —= s 3.68
i“p Q 5t T ol t o, (3.68)
which yields
8F2 8F2 8F2
=2 g9 gy 92 3.69
Pe= G0 9= 38, 47 (369)
3. F = qapa + FB(p»Qvt):
8F3 8F3 8F5
*— Pa = — ) K=H YR :
T o 20° 5 (3:70)
4. F =q"ps — Q* P, + Fy(p, P, t):
oF, OFy OFy
a _ _ e _ = K=H+ —. 3.71
= Y T o (371)

3.7 Integrability

Symmetries lead to conserved quantities. Conserved quantities impose additional constraints on
the system. To see this, let F'(q,p) be a conserved quantity. Then, the constraint is of the form

F={FH}=0.

Since the Hamiltonian is a function of (g, p), each such symmetry gives a constraint between the
coordinates and momenta. The phase space flow is constrained to be on a surface of constant
F.

If there are enough symmetries so that a solution to Hamilton’s equations can be obtained
by just integration, the system is said to be integrable.

For a 2n dimensional phase space, integrability requires n independent conserved quantities
F; with the additional conditions

{F,,F;}=0 VYi,j.

Such functions F; and Fj are said to be in involution. As it turns out, the topology of the
surface we are constrained on in the phase space is that of an n-torus.

3.8 Action-Angle Variables

If a system is integrable, we expect n conserved quantities. One way to naturally obtain n
conserved quantities is to have n ignorable coordinates. Supposing the Hamiltonian has no
explicit ¢ dependence, the n generalised momenta are conserved:

0H

dqe

We are interested in a transformation (q,p) — (0, I) which satisfy:

pa:
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3.8 Action-Angle Variables 3 HAMILTONIAN MECHANICS

1. New momenta are functions of the conserved quantities: I, = I,(F).
2. New coordinates are all ignorable - Hamiltonian has no explicit 8 dependence.

3. Transformation is restricted canonical:

H(q,p) — H(0,1) = H(I),

-a_aH 'a_aj_ a
q —8pa»—>9 —8Ia—w(I),

-a = — a =
Pe = "¢ 06
where w?(I) are functions of I.

The variables (6, I) are called the angle-action variables. Since I, are constant, all angle variables
evolve at uniform rates w®(I). The equations of motion are integrated to give:

0% = w*(I)t+ B, I, = constant, (3.72)

for integration constants S¢.
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